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Abstract 
 
 Rainfall attenuation in tropical and subtropical regions of the world has continued to attract great interest; 
as there is a urgent emphasis on proper spectrum management and sharing, particularly at microwave and 
millimeter bands above 10 GHz. To this end, there have been arguments pertaining to the need to improve 
the ‘sensing’ of rainfall events to enhance the opportunities provided by adaptive rain fade mitigation 
schemes, while conserving base station power requirements during rainy events. To implement this 
approach, an extensive understanding of rainfall time series via the available statistical tools is often 
required to properly harness the characteristics of rainfall behavior. To this end, a study was undertaken to 
examine the behavior of rainfall and its impact on radio links at 1-minute sampling time by using the 
Queueing Theory Technique (QTT). Interesting results were obtained in the process of the study, except 
that the effect of the sampling time on rainfall queues remained unknown. Therefore, this thesis presents 
the investigation of the sampling time effects on rainfall queues over radio links in Durban, South Africa. 
Rainfall measurements were collected at 30-second sampling time using the RD-80 Joss–Waldvogel (JW) 
distrometer in Durban (29o52’S, 30o58’E), the same location where the 1-minute data was previously 
collected. As before, the rainfall data is classified into four rainfall regimes, namely drizzle, widespread, 
shower and thunderstorm. The queue parameters required for rainfall traffic analysis such as inter-arrival 
time and service-time distribution are empirically determined to be Erlang-k distributed, whereas the 
overlap time is exponentially distributed. It is thus established that the queue discipline for rain spikes over 
radio waves is a non-Markovian process (Ek/Ek/s/∞/FCFS). Comparison between the 30-second rainfall 
queues results and previous results of 1-minute sampling time, shows that more rainfall spikes are revealed 
at 30-second sampling time. Furthermore, it is determined that there is a strong polynomial relationship 
between the 30-second and 1-minute sampling time data – hence some of the 1-minute data may be 
converted into 30-second data by using the polynomial function, with the appropriate polynomial 
coefficients according to rainfall queue parameters in each regime. The converted data is amalgamated with 
the actual 30-second data for the investigation of the rainfall long-term behavior. It is found that the rainfall 
long-term behavior resembles the behavior of the short-term data - hence implying that the rainfall process 
at 30-second sampling time in Durban has the attributes of a self-similar process. From rain attenuation 
investigation, it is determined that since more rain spikes are evident in the 30-second data, the former has 
higher rain attenuation exceedance values (R0.01) compared to the 1-minute data. 
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CHAPTER ONE 
Introduction of the Study 
1.1 Introduction 
Most of telecommunication services in our days are provided through radio links, which utilize frequencies 
that range between 3 GHz and 300 GHz. Wireless communications such as personal communication system 
(PCS), global positioning satellite (GPS) system, wireless local area computer networks (WLANS), direct 
broadcast satellite (DBS) television and many more are applications of radio services operating in the 
aforementioned frequency range.  Over the years, new ideas have been brought into the field of 
communication to make the means of communication simpler. Telecommunications play a significant role 
in everyday life, allowing the sharing of information in our society to be seamless and less cumbersome in 
most cases. Ultimately, the usefulness of a communication system is its ability to deliver information from 
one point to another as intended. The common challenge in transmitting over high frequency bands is the 
effects of attenuation. Among others, precipitation effects are identified as the most dominant over radio 
links in the form of rain, mist, fog, ice, hail and snow. Overall, rain attenuation is the most problematic 
phenomenon over radio links because of water particles having a higher dielectric constant capable of 
scattering electromagnetic waves [Murrell et al, 1994 and Nemarich et al, 1988]. Thus, rainfall causes more 
degradation to the performance of a radio link than ice. Moreover, water particles have a higher dielectric 
loss and attenuation due to thermal dissipation [Ishimaru, 1978 and Jonathan, 2004]. Radio waves transmitted 
through a rainy medium may be absorbed or scattered and hence may never reach the receiver. Scattering 
and absorption phenomena are the two most dominant causes of attenuation. When the signal wavelength 
is large relative to the raindrop size, scattering has a dominant effect on the attenuation. Conversely, when 
the wavelength is small relative to the raindrop size, absorption is considered a dominant cause of 
attenuation [lvanovs, 2006]. 
 
1.2  Problem Statement 
The extent of attenuation of a transmitted signal is a consequence of a combination of many factors such as 
frequency of the signal, rain rate, raindrop size distribution and many more [Alonge, 2014]. However, it is 
possible for the signal to be transmitted through a rainy medium without noticeable absorption and/or 
scattering for lower rain rates and raindrop sizes. In the case of higher rain rates and raindrop sizes, there is 
a significant amount of attenuation on the transmitted signal and as such a thorough understanding of the 
rain behavior and its effects on radio links is vital. Owing to this, there has been an extensive amount of 
research conducted in Durban, South Africa which has produced valuable and meaningful contributions 
with regards to the effects of rainfall attenuation as found in [Fashuy et al, 2006; Odedina and Afullo, 2008; 
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Odedina and Afullo, 2010 and Owolawi, 2011]. Some of the group’s  research work has been conducted by 
utilizing measured rainfall rates, rainfall drop-size distributions (DSD), seasonal and regime-based effects 
of rainfall attenuation on microwave links in Durban and other areas [Odedina and Afullo, 2008; Odedina and 
Afullo, 2010 and Owolawi, 2011, ]. Recently, Alonge and Afullo (2014a), determined that rainfall rate spikes 
follow a particular queue discipline as the clouds move during a rainfall event. Accordingly, with the 
knowledge of rainfall rate, rainfall DSD, rainfall growth and rainfall cell behavior; they applied queueing 
theory to model the rainfall behavior in subtropical and equatorial regions in Africa. Moreover, Alonge and 
Afullo (2014b), compared the rainfall queue parameters for two African locations (Butare and Durban) and 
investigated the occurrences of the rainfall rate peaks. Most recently, Alonge and Afullo (2014a), developed 
a Queueing Theory Technique (QTT) in order to understand the probabilistic complexities of rainfall 
microphysics. The QTT was found to be very useful in determining rain attenuation statistical information 
relevant for planning, design and implementation of radio links for both terrestrial and satellite applications. 
However, the influence of the sampling time during data acquisition on QTT results has not been 
investigated. In this view, this study specifically aims to investigate the effect of sampling time on rainfall 
queues by comparing queue generated data sets modeled from two differently sampled measurements. This 
will be accomplished by using the approach of Alonge and Afullo (2014a) with rain datasets at 30-second 
and 1-minute sampling times. 
  
1.3 Objectives 
The objectives of this work are: 
1) To investigate the queueing attributes of rain events toward microwave and millimeter wave in 
Durban at 30-second sampling time and determine the queue discipline. 
2) To investigate the queueing characteristics of rainfall at two different sampling times in the same 
location. 
3) To determine the relationship between the 30-second and 1-minute sampling time queue 
parameters. 
4) To investigate the long-term behavior of rainfall queues for long-term modeling in Durban. 
5) To compare rain attenuation over radio links determined from both the 30-second and 1-minute 
sampling time data. 
 
1.4 Methodological Approach 
Measurement data for this research is retrieved from the Joss-Waldvögel RD-80 distrometer installed on 
the roof top of the Electrical, Electronic and Computer Engineering building, Howard College Campus of 
the University of KwaZulu-Natal with the processing units housed inside the microwave laboratory, located 
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in Durban, South Africa (29o52’S, 30o58’E). Since the previous work of [Alonge, 2014a] utilized the 1-
minute data, this research will focus on rainfall data acquired at 30-second sampling time over a period of 
42 months between April 2013 and June 2016.    
 
1.5 Organization of the Dissertation  
This work is arranged according to six chapters in total. Chapter one provides the introduction to the subject 
matter of the research arranged as follows: The introduction and challenges experienced by radio links, 
problem formulation, objectives of the research, methodological approach, summary of the thesis and 
publications. 
 
Chapter two provides the background on the study arranged as follows: The chapter is introduced followed 
by a review of rainfall specific attenuation, review of rainfall attenuation models, review of rain rate models, 
review of rain drop Size Distribution (DSD) models, review of the Markov chain as applied to model rainfall 
behavior, review of rainfall attenuation studies in South Africa and finally the chapter summary. 
 
Chapter three deals with rainfall as a queueing process for two sampling times of 30-seconds and 1-minute 
in Durban, presented as follows: Chapter introduction, determination of time bounds within which the 
majority of rainfall rate spikes’ service time belongs at 30-second sampling time, modeling and analysis of 
rainfall queue parameters at 30-second sampling time, determination of the minimum number of servers 
required for the rainfall queues at 30-second sampling time to reach the steady-state, determination of the 
relationship between the number of rain spikes and the duration of rain events, comparison between the 
rainfall queue parameters at 30-second and 1-minute sampling time, and the chapter summary. 
 
Chapter four presents the investigation of long-term rainfall behavior at 30-second sampling time in 
Durban, structured as follows: Chapter introduction, determination of the relationship between the 30-
second and 1-minute sampling time datasets, conversion of 1-minute dataset to the 30-second dataset and 
modeling the converted rainfall dataset, error analysis between the modeled converted dataset and the 
measured one through their respective queue parameters, validation of the conversion method, long-term 
rainfall data modeling and chapter summary 
 
Chapter Five presents the effect of sampling time on rainfall attenuation arranged as follows: Chapter 
introduction, predicted rainfall rate exceeded for different percentages of time at 30-second and 1-minute 
sampling time, prediction and comparison of specific attenuation at 30- second and 1-minute sampling time, 
prediction of path attenuation in Durban, determination of rain attenuation exceeded for different 
4 
 
percentages of time, conclusion on the significance of the sampling time on rainfall attenuation prediction 
and the summary of the chapter.      
 
Chapter six presents the applications and conclusions of this research work, structured as follows: Chapter 
introduction, chapter three conclusions, chapter four conclusions, chapter five conclusions and future work.   
 
1.6 Publication 
Godfrey N. Mazibuko, Thomas J. Afullo and Akintunde A. Alonge, “Effects of Lower Sampling 
Interval on Rainfall Queue Characteristics over Radio Links in South Africa”, presented in the 2017  IEEE 
AFRICON Conference, Cape Town, South Africa, 18 – 20 September, 2017. 
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CHAPTER TWO 
Literature Review  
2.1 Introduction 
The attractiveness of utilizing millimeter and microwave frequency bands cannot be overstated due to the 
ability to re-use frequencies for short distance communications. However, signals transmitted at these bands 
suffer a great deal of degradation as they propagate through the air. At the lower level of the atmosphere, 
the propagating wave experiences high attenuation because of the random atmospheric conditions that 
change from time to time [Crane, 2003]. There are several attenuation agents that contribute towards the 
signal loss such as vegetation, obstacles like mountains, hills and tall buildings, varying terrain structures, 
solar flares, ionospheric disturbances and above all, precipitation [Seybold, 2005; Ajayi et al.,1996]. Signal 
loss due to precipitation comes in the form of rain, mist, fog, ice, hail and snow. Of these factors, the 
component that causes significant attenuation on communication links operating at about 7 GHz and beyond 
is rainfall [Islam et al., 1997; Crane, 2003]. Accordingly, a lot of effort has been directed towards an 
understanding of the statistical behavior of the rainfall process which is an essential component of radio 
link design. In this light, this chapter aims to review some of the research works provided in literature which 
deals with rain attenuation and related subjects. 
 
2.2 Specific Rain Attenuation 
The following three assumptions are assumed to be valid:  (1) the intensity of an electromagnetic wave 
exponentially decays as the wave travels through a rain cell, (2) the raindrops are assumed to have a 
spherical shape and (3) the contributions from each raindrop are additive and independent of one another. 
The electromagnetic wave propagating through a rain cell with an extent, d, in the direction of propagation 
is expressed as [Ippolito, 1996; Ippolito, 2008]: 
𝐴𝑑𝐵 = ∫𝐴𝑆𝑑𝑥                                                                                        (2.1)
𝑑
0
 
where AS and d are the specific attenuation of the rain cell and extent of the propagation path from x = 0 to 
x = d respectively.  
 
Using assumption (1), the received power is given as [Ippolito, 2008]: 
𝑃𝑟 = 𝑃𝑡𝑒
−𝑘𝑑                                                                                       (2.2) 
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where Pt and Pr are transmitted and received power respectively, k is the attenuation coefficient for the rain 
cell. 
 
The simplest way to express the electromagnetic wave attenuation is [Ippolito, 2008]: 
𝐴𝑑𝐵 = 10𝑙𝑜𝑔10 (
𝑃𝑡
𝑃𝑟
)                                                                                 (2.3) 
By using (2.2) and (2.3), the attenuation in general can be expressed as: 
𝐴𝑑𝐵 = 4.343𝑘𝑑          [𝑑𝐵]                                                                        (2.4a) 
where 
𝑘 = 𝜌𝑄𝑡                                                                                                  (2.4b) 
and 
 
𝑄𝑡(𝑟, 𝜆,𝑚) = 𝑄𝑠 + 𝑄𝑎      [𝑚𝑚
2]                                                                    (2.4c) 
 
where Qt , Qs and Qa   are the attenuation, scattering and absorption cross section of the raindrop 
respectively, and 𝜌 is the drop density.  
 
By using (2.1) and (2.4), then specific attenuation can be given as: 
𝐴𝑑𝐵 = 4.343∫𝑄𝑡(𝑟, 𝜆,𝑚)ƞ(𝑟)𝑑𝑟                                                          (2.5) 
Furthermore, it was identified that there is a power-law relationship that exists between specific attenuation, 
AS, and rain rate, R, in mm/h given as [ITU-R P.838-3, 2005; Freeman, 2007]: 
𝐴𝑆 = 𝑧𝑅
𝛼                                                                               (2.6) 
where z and 𝛼 are frequency and temperature dependent regression coefficients respectively.  
 
When using (2.6), ITU-R P.838-5 (2005) provides the values of z and α as kH and αH for horizontal 
polarization, kV and αV for vertical polarization. These values are given in Appendix A.  
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2.3 Rain Attenuation Models 
2.3.1 ITU-R Model 
ITU-R P.530-10 provides a method that can be used for long-term attenuation prediction. Path attenuation 
at 0.01% of the time is given as follows [ITU-R, 2001]. 
𝐴0.01 = 𝐴𝑠𝑑𝑒𝑓𝑓 = 𝐴𝑠𝑟𝑑       𝑑𝐵                                                           (2.7𝑎) 
where the effective path length, 𝑑𝑒𝑓𝑓, is presented as the product of the actual path length, d, and a distance 
factor, r, given respectively as follows:   
𝑑𝑒𝑓𝑓 = 𝑟𝑑                                                                         (2.7𝑏) 
and 
𝑟 =
1
1 + 𝑑 𝑑0
⁄
                                                                     (2.7𝑐) 
𝑑0 is called a rainfall rate dependence factor given as follows: 
𝑑0 = 35𝑒
−0.015𝑅0.01                                                           (2.7d) 
This is valid for 𝑅0.01 ≤ 100 𝑚𝑚/ℎ and  𝑅0.01 is accepted as 100 mm/h if it is found to be 𝑅0.01 ≥
100 𝑚𝑚/ℎ. The ITU-R rain attenuation model is considered to be valid in all parts of the world for 
frequencies up to 40 GHz and path length up to 60 km. 
 
2.3.2 Moupfouma Model 
Moupfouma 1984, proposed a rain attenuation prediction model for terrestrial paths given 1-minute data 
rain rates and the percentage of time for which these rain rates are exceeded. The rain attenuation along the 
link path is given as [Moupfouma, 1984]. 
𝐴(𝑑𝐵) = 𝐴𝑆 𝑑𝑒𝑓𝑓                                                                              (2.8a) 
where the effective path length, 𝑑𝑒𝑓𝑓, is presented as the product of the actual path length, d, and a distance 
factor, r, given respectively as follows:   
𝑑𝑒𝑓𝑓 = 𝑟𝑑                                                                                    (2.8𝑏) 
and 
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𝑟 =
1
1 + 𝐶𝑑𝑚
                                                                           (2.8𝑐) 
Attenuation 𝐴(𝑑𝐵) and rain rates sampled at 1-minute intervals must be calculated at the same percentage. 
From the experimental data C and m were obtained. From the results, C was found to depend on the 
percentage (p) of interest on the available data; whereas m was found to depend on the link path length and 
the corresponding frequency. Therefore, the path length reduction factor is modified to:  
𝑟 =
1
1 + 0.03 (
𝑝
0.01)
−𝛽
𝑑𝑚
                                                        (2.8𝑑) 
where 
 𝑚(𝐹, 𝑑) = 1 + Ұ(𝐹)𝑙𝑜𝑔𝑒𝑑                                                (2.8𝑒) 
𝑚(𝐹, 𝑑) = 1.4 × 10−4𝐹1.76                                                (2.8𝑓) 
F is the frequency in GHz and the 𝛽 coefficient is obtained as a result of a best fit by: 
𝑑 < 50 𝑘𝑚                                                                              
𝛽 = 0.45      𝑓𝑜𝑟       0.001 ≤ 𝑝 ≤ 0.01
      𝛽 = 0.6        𝑓𝑜𝑟           0.01 ≤ 𝑝 ≤ 0.1          
𝑑 ≥ 50 𝑘𝑚                                                                                
𝛽 = 0.36      𝑓𝑜𝑟        0.001 ≤ 𝑝 ≤ 0.01   
𝛽 = 0.6         𝑓𝑜𝑟           0.01 ≤ 𝑝 ≤ 0.1       }
 
 
 
 
                     (2.8𝑔) 
 
2.3.3 Crane’s Global Model 
Crane global attenuation prediction model was proposed for both satellite and terrestrial paths. The model 
depends on the vertical variations of temperature in the atmosphere, rain rate and rain structure [Crane, 
1996 and 2003]. Crane presented the path profile piecewise by an exponential function in order to 
accomplish the model. The resultant attenuation model is given as follows [Crane, 1996]:  
𝐴𝑇(𝑅, 𝑑) = AS (
𝑒𝑦𝛿(𝑅) − 1
𝑦
+
𝑒𝑧𝑑 − 𝑒𝑦𝛿(𝑅)
𝑧
𝑒𝛼𝐵)        𝛿(𝑅) < 𝑑 < 22.5                     (2.9𝑎) 
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𝐴𝑇(𝑅, 𝑑) = AS (
𝑒𝑦𝛿(𝑅) − 1
𝑦
)        0 < 𝑑 <  𝛿(𝑅)                                   (2.9𝑏) 
 
where 
𝐴𝑇 = horizontal path attenuation (dB); 
𝑅 = Rain Rate (mm/hr); 
AS = specific attenuation (dB). 
 
The other coefficients are given as: 
𝐵 = ln(𝑏) = 0.83 − 0.17 ln(𝑅) 
0
𝑐 = 0.026 − 0.03 ln(𝑅)               
       
𝛿(𝑅) = 3.8 − 0.6 𝑙𝑛(𝑅)               
        
𝑢 =
𝐵
𝛿(𝑅)
+ 𝑐                                  
           
𝑦 = 𝛼𝑢                                             
             
𝑧 = 𝛼𝑐                                             }
 
 
 
 
 
 
 
 
 
                                              (2.9𝑐) 
2.4 Rain Rate Models  
2.4.1 Rice-Holmberg (R-H) Rain Rate 
Rice and Holmberg (1973) developed the R-H model by using extensive long term statistics from 150 
locations all over the world. This model assembles a rainfall rate distribution from thunderstorm events 
(mode 1) and “other rain” (mode 2). The total distribution is the sum of the two models: 
𝑀 = 𝑀𝑜𝑑𝑒𝑙 1 + 𝑀𝑜𝑑𝑒𝑙 2        [𝑚𝑚]                                                                  (2.10) 
The percentage of an average year for which the rain rate exceeds R mm/h at a medium location is given 
by [Dissanayake et al., 1997; Dissanayake et al., 2002], 
𝑃(𝑅)% =
𝑀
87.6
{0.03𝛽𝑒−0.03𝑅 + 0.2(1 − 𝛽)[𝑒−0.258𝑅 + 1.86𝑒−1.63𝑅]}                          (2.11) 
where M, β and R are the average annual accumulations of rainfall [mm],  the thunderstorm component of 
M and clock minute rain rate in mm/h respectively.  
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Values of β and M are provided in the world maps as provided in Rice and Holmberg (1973), or also 
calculated as [Rice and Holmberg, 1973; Dissanayake et al., 2002], 
𝛽 =
𝑀1
𝑀
                                                                                                    (2.12a) 
where M1 is the average annual accumulation of thunderstorm rain [mm]. 
  
Additionally, β can be calculated as: 
𝛽 = 𝛽0 [0.25 +
2𝑒−0.35(1 + 0.125𝑀)
𝑈
]                                                             (2.12b) 
𝛽0 = 0.03 + 0.97𝑒
−5𝑒𝑥𝑝(−0.004𝑀𝑚)                                                                  (2.12c) 
where U is the average number of thunderstorm days anticipated throughout an average year and Mm is the 
biggest monthly precipitation received during the time of the experiment. 
 
The R-H model was later improved by Dutton and Dougherty (1974) to include the attenuation prediction 
property, which was missing in the earlier R-H (1973) model. The modified model is given as: 
𝑃(𝑅) =
{
 
 
 
 0.0114(𝑇11 + 𝑇12)𝑒
−
𝑅
𝑅1
′ ,          𝑅 < 5𝑚𝑚/ℎ
0.0114𝑇21𝑒𝑥𝑝 (−√
𝑅
𝑅21
4
)        5 ≤ 𝑅 ≤ 30
0.0114𝑇11𝑒𝑥𝑝 (−
𝑅
?̅?11
)                     𝑅 > 30
                                        (2.13) 
where T11, T21, R1’ and ?̅? are linear combinations of M, β and D = 24 + 3M, determined from regression 
equations.  
 
The R-H model, when compared with measured data, suffers a drawback in underestimating rainfall rates 
at 0.01% and lower [Crane, 1996]. 
 
2.4.2 Crane Rain Rate Model 
The model popularly known as the Crane Global model is the first model that was developed by [Crane, 
1980]. His second model is the 2-Component Crane (1982) model, where he used a path integrated 
technique in which a link calculation resulted from the sum of separately computed volume cell contribution 
and debris contribution. This is a closed-form probability distribution model that, separately, handles the 
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input of the volume cells and debris during the prediction of rainfall rate cumulative distribution functions 
(CDFs). This model was established to determine the probability that a specified attenuation level is 
exceeded and this probability is the sum of probabilities associated with each component. The empirical 
rain rate distribution function is given by [Crane, 1996] as: 
𝑃(𝑟 ≥ 𝑅) = 𝑃𝐶(𝑟 ≥ 𝑅) + 𝑃𝐷(𝑟 ≥ 𝑅) − 𝑃𝐶𝐷(𝑟 ≥ 𝑅)                                          (2.14a) 
with 
𝑃𝐶(𝑟 ≥ 𝑅) = 𝑃𝐶𝑒
−
𝑅
𝑅𝐶                                                                        (2.14b) 
𝑃𝐷(𝑟 ≥ 𝑅) = 𝑃𝑁𝑁(
𝑙𝑛 𝑅 − 𝑙𝑛𝑅𝐷
𝑆𝐷
)                                                         (2.14𝑐) 
=
𝑃𝑁
√2𝜋𝑆𝐷
∫ 𝑒𝑥𝑝
∞
𝑅
[
 
 
 1
2
(
𝑙𝑛𝑅
𝑅𝐷
𝑆𝐷
)
2
]
 
 
 
                                        (2.14𝑑) 
𝑃𝐶𝐷(𝑟 ≥ 𝑅) = 𝑃𝐶(𝑟 ≥ 𝑅)𝑃𝐷(𝑟 ≥ 𝑅)                                                    (2.14𝑒) 
where P(r ≥ R) is the probability that an observed rainfall rate r exceeds the specified rainfall rate R. PC(r 
≥ R), PD(r ≥ R) and PCD(r ≥ R) represent the CDF’s of the volume cells, debris and joint CDF for volume 
cells and debris respectively. PC & PD are probability of cell and debris respectively. RC and RD represent 
average rain rate in a cell and median rain rate in debris respectively. N is the normal distribution function 
and SD is the standard deviation of natural logarithm of rainfall rate. The revised 2-Component model was 
later introduced in 1989 and included other features such as spatial correlation and statistical variations of 
rain within a cell. 
 
2.4.3 The Moupfouma I Model 
This three-parameter model was developed by [Moupfouma, 1987], at higher rain rates it bears a 
resemblance to an exponential distribution and lognormal distribution at lower rain rates. This model 
accepts rainfall rates as inputs and produce probabilities that correspond to those rainfall rates. The 
Moupfouma I model is given as: 
P(r ≥ R) = 10−4 (
R0.01
r
)
b
e(λ10
1−s[(
R0.01
r )−1])                                                    (2.15a) 
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where r and R are rain rates in mm/h and, 
𝑏 = 8.22(𝑅0.01)
−0.584                                                                              (2.15b) 
 
µ = 𝜆𝑟−𝑠                                                                                        (2.15c) 
 
In the Moupfouma (1987) model, the values of λ and s are given by ITU-R according to climatic zones 
Moupfouma (1987) as shown in Table 2.1. 
TABLE 2.1:  ITU-R PARAMETERS FOR MOUPFOUMA MODELS [ITU-R P.837-1, 1994]. 
 
Param. 
Climatic Zone 
D E F G H J K L M N P 
λ 0.18 0.05 0.07 0.14 0.06 0.07 0.05 0.05 0.05 0.033 0.035 
s 0.33 0.29 0.32 0.28 0.19 0.18 0.17 0.22 0.09 0.06 0.1 
 
2.4.4 The Moupfouma and Martin Model 
This model was developed by Moupfouma and Martin (1995) for empirical rainfall rate prediction to 
overcome the shortcomings of the Moupfouma I model. It has proven to work better for both tropical and 
temperate climates, and it is given as: 
P(r ≥ R) = 10−4 (
R0.01
r + 1
)
b
exp[µ(R0.01 − r)]                                                 (2.16a) 
where r in mm/h and R0.01 are the rain rate exceeded for a fraction of the time and rainfall rate exceeded for 
0.01% of time respectively. Then b is approximated by the following expression: 
𝑏 = (
𝑟 − 𝑅0.01
𝑅0.01
) 𝑙𝑛 (1 +
𝑟
𝑅0.01
)                                                           (2.16b) 
and µ in equation (2.16a) is given as: 
µ = (
4𝑙𝑛10
𝑅0.01
)𝑒𝑥𝑝 (−𝜆 (
𝑟
𝑅0.01
))                                                           (2.16c) 
where λ = 1.066 and γ = 0.214 
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2.5 Rain Drop Size Distribution (DSD) Models 
 The knowledge of the rain drop size distribution (DSD) is essential for the prediction of rainfall attenuation. 
Rain DSD depends on various factors including rainfall intensity, precipitation type, wind share, cloud type 
and circulation system [Das et al., 2010]. It is therefore not an easy task to describe rain DSD by a universal, 
simple and precise model due to the spatial, temporal variability and complexity involved in the formation 
of rainfall [Rodgers et al., 1976; Medeiros et al., 1986; Das et al., 2010]. In spite of this difficulty, it is 
essential to determine the rain DSD at a given rain rate for the calculation and modeling of rainfall 
attenuation. A number of DSD models exist in literature such as the lognormal DSD model, exponential 
DSD model, modified gamma model, Erlang DSD model and Weibull DSD model. Parameters for these 
models are generally estimated using method of moment’s technique and the maximum likelihood method 
[Das et al., 2010; Alonge, 2011]. 
 
2.5.1 Lognormal Rainfall DSD Model 
The Lognormal rainfall drop size distribution function is given by [Feingold and Levin, 1986; Kozu and 
Nakamura, 1991; Timothy et al., 2002]: 
𝑁(𝐷𝑖) =
𝑁𝑇
𝜎𝐷𝐼√2𝜋
𝑒𝑥𝑝 {−
1
2
[
𝑙𝑛𝐷𝑖 − 𝜇
𝜎
]
2
} [𝑚−3𝑚𝑚−1]                                                  (2.17) 
where NT, Di, μ and σ are the total number of rain drops, mean drop diameter in mm, mean and standard 
deviation of drop sizes respectively. 
 
Previous research has shown that the DSDs in tropical and sub-tropical regions are lognormal distributed 
[Das and Maitra, 2010; Alonge and Afullo, 2011]. The studies of Moupfouma and Tiffon (1982), Ajayi and 
Olsen (1985), Massambani and Morales (1988), Massambani and Rodriguez (1990) showed that Laws and 
Parsons (L-P) model, and Marshall and Palmer (M-P) model overestimates the number of rain drops in the 
small and large diameter regions. Ajayi and Olsen (1985), using a method of regression and rain rates 
ranging from 0.25mm/h to 150 mm/h with data obtained from Ile-Ife, developed a two-parameter lognormal 
model with parameters μ and σ and an additional parameter NT for measurement fittings. 
 
2.5.2 Modified Gamma Rainfall DSD Model 
The modified Gamma is a three-parameter rainfall drop size distribution model which can be expressed as 
[Atlas and Ulbrich, 1974; Ulbrich, 1983; Kozu and Nakamura 1991]: 
𝑁(𝐷𝑖) = 𝑁𝑚(𝐷𝑖)
𝜇𝑒𝑥𝑝(−𝛬𝐷𝑖)                                                                  (2.18) 
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According to Ulbrich (1983), at both low and high rain rates this statistical DSD model captures well the 
rainfall DSDs. It has previously been applied in tropical and sub-tropical rain climates of Taiwan and 
Singapore [Tseng et al, 2005; Lakshmi et al., 2010; Kumar et al., 2010], South Africa [Afullo, 2011; Alonge 
and Afullo, 2011; Owolawi, 2011; Alonge and Afullo, 2012], India [Das and Maitra, 2010], Malaysia 
[Yakubu et al., 2014; Lam et al., 2015], Nigeria [Ajayi and Olsen, 1985; ], USA [Zheng et al., 2000], 
among others. 
 
2.6 Markov chain Model on Rainfall Process 
There are many stochastic techniques that have been explored by different researchers for modeling the 
rain process. Among those techniques is the Markov chain, which is characterized as a stochastic process 
with a limited number of states and its future state depends on the current state. Feyisa et al 2016, modeled 
rain rate spikes in all rain regimes at Jimma, Ethiopia, by applying both the Markov chain and queueing 
models. It was found that the spikes average lifespan increases with the rain rate. Its then follows that 
rainfall spikes from the thunderstorm regime will last longer than any other rainfall spikes from other 
regimes. Heder and Bitos 2008, generated rainfall attenuation time series using the N-state Markov Chain 
model for a microwave channel. It was found that the first and second order rainfall attenuation statistics 
can be derived directly from the Markov model parameters. Therefore, at early stages of the planning of a 
suggested link, the N-state Markov model can be useful for rainfall attenuation predictions [Heder and 
Bitos 2008]. Alasseur et al 2005, proposed two useful methods suitable for generating synthetic rainfall 
rate time-series; which can be used for the simulation of the performance of radio communication systems 
at frequencies beyond 10 GHz. The proposed models were based on hierarchic Markov chains. Vucetic and 
Du 1992, proposed an analog model that can describe signal amplitude and phase variations on shadowed 
satellite mobile channels. An N-state Markov chain was used to represent environment parameter 
variations, the results agreed with the experimental measurements. 
 
2.7 Rainfall Studies in South Africa 
2.7.1 Rainfall DSD Studies 
A remarkable effort on rainfall DSD study has been done associated with the rainfall microstructural 
properties and microphysics for an accurate prediction of rainfall attenuation on microwave Line-of-sight 
(LOS) links on South Africa, specifically in Durban [Owolawi et al., 2009; Owolawi, 2011; Akuon and 
Afullo, 2011; Afullo, 2011; Alonge and Afullo, 2012; Odedina and Afullo, 2012; Malinga et al., 2013; 
Alonge and Afullo, 2014]. For example, Alonge and Afullo (2014) investigated the microphysics of rainfall 
based on four different regimes for two climatic regions, one tropical and the other sub-tropical. Odedina 
and Afullo (2008) proposed rainfall zones for attenuation prediction based on International 
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Telecommunication Union (ITU) recommendation P.837-4 nomenclature [ITU-R P.837-4, 2003]. In their 
work, Odedina and Afullo (2012) also asserted that rain fading is extreme in the north eastern areas of South 
Africa compared to the western areas. Furthermore, Owolawi (2011) developed the contour maps based on 
rainfall rate at 0.01% percentage of exceedence; and re-classified the ITU-R and Crane rain zones for the 
Southern Africa area. The study was based on 5-minute rainfall data converted to 1-minute using a proposed 
hybrid method. This study supports the earlier investigations of Odedina and Afullo (2008). The DSD 
approach in [Afullo, 2011] represents the initial efforts on rain rate measurement campaign over Durban.  
 
2.7.2 Rainfall Queueing Theory 
Alonge and Afullo (2014a) investigated the rainfall process by considering the arrival of clouds as a first 
come first served (FCFS) process over radio links as shown in Figure 2.1. The rainfall events were identified 
as a queueing process of rain clouds/spikes parallel to the cloud motion. The speed of clouds is called 
advection speed, which is responsible for maintaining the clouds motion. The advection speed changes with 
different kinds of rainfall structure and cell size [Alonge, 2014 and Pawlina, 2002]. The identified spikes’ 
queueing pattern has three relevant parameters namely the inter-arrival time (𝑡𝑎), service time (𝑡𝑠) and 
overlap time (𝑡𝑜). The inter-arrival time (𝑡𝑎) of the rainfall spikes is the time between two successive 
arrivals of the rain spikes/cloud at a point of observation. The service time (𝑡𝑠) of a spike is the life span of 
the rainfall spike. The overlap time (𝑡𝑜) of the spikes, is the intersection period between the arriving and 
the dying cloud. The average inter-arrival time (ta̅), average service time (ts̅) and average overlap time (to̅) 
expressions are given respectively as follows [Alonge and Afullo, 2014a and Hillier and Lieberman, 2010]: 
𝑡?̅? =
1
𝑁𝑎
∑𝑡𝑎,𝑘
𝑁𝑎
𝑘=1
=
1
𝜆𝑎
       ∀ 𝑡𝑎  ∈  ℝ                                                                (2.19𝑎) 
𝑡?̅? =
1
𝑁𝑠
∑𝑡𝑠,𝑘
𝑁𝑠
𝑘=1
 =
1
𝜇𝑠
      ∀ 𝑡𝑠  ∈  ℝ                                                                 (2.19𝑏) 
𝑡?̅? =
1
𝑁𝑜
∑𝑡𝑜,𝑘
𝑁𝑜
𝑘=1
=
1
𝜎𝑜
     ∀ 𝑡𝑜  ∈  ℝ                                                                (2.19𝑐) 
where 𝑁𝑎, 𝑁𝑠, 𝑁𝑜 are the total sampled number of the inter-arrival times , service times and overlap times, 
respectively. Parameters λ̅𝑎, μ̅s and σ̅𝑜 denote the average arrival rate, service rate and overlap rate 
respectively. 
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Figure 2.1: The Process of Rainfall Spikes Delivering Rain Droplets over Radio Links. 
 
2.7.2.1 Data Collection 
The rainfall measurements were carried out by a Joss-Waldvogel (JW) RD-80 distrometer. This equipment 
is installed in South Africa, Durban (29o52’S, 30o58’E) with an adjustable sampling time parameter. The 
measurements were taken from January 2009 to December 2010 (24 months) at 1-minute sampling time. 
The equipment is installed at University of KwaZulu-Natal, Howard College Campus. It consists of two 
basic parts connected via RS-232c communication standard. The equipment’s outdoor part consists of the 
sensor that converts the rainfall drops into electronic pulse trains as shown in Figure 2.2. The sampled 
pulses are grouped into twenty specified diameter channels ranging between 0.359 and 5.373 depending on 
the intensity of the rainfall [Alonge and Afullo, 2014a and Prasanna, 2008]. 
2.7.2.2 Rainfall Spikes Queue Analysis 
In determining the rainfall queue parameters in Durban, the service and overlap times were found to be 
Erlang-k distributed as given by [Alonge and Afullo 2014a]:  
𝑓(𝑡𝑠; 𝑘, µ𝑠) =
(𝑘µ𝑠)
𝑘𝑘𝑘−1 𝑒𝑥𝑝(−𝑘µ𝑠𝑡𝑠)
𝛤(𝑘)
 [𝑚𝑖𝑛𝑢𝑡𝑒]−1  𝑓𝑜𝑟 𝑡 ˃ 0; 𝑡𝑠∀ ℝ                               (2.20) 
where k represents the number of stages and µ𝑠 denotes the service rate. For the overlap time, µ𝑠 is replaced 
by 𝜎𝑜 (overlap rate) and 𝑡𝑠  by 𝑡𝑜 (overlap time) in (2.20). 
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It is found that the average spikes service time is less than 21 minutes regardless of the rain regime as shown 
in Table 2.2. On the other hand the average overlap time is less than 11 minute irrespective of the rainfall 
regime. The number of stages for the Erlang-k function for both these queue parameters is less than 5 
regardless of the regime. The inter-arrival time was found to follow an exponential distribution (M) which 
can be defined as [Alonge and Afullo 2014a]: 
𝑎(𝑡𝑎; 𝜆𝑎) = 𝜆𝑎𝑒𝑥𝑝(−𝜆𝑎𝑡𝑎) [𝑚𝑖𝑛𝑢𝑡𝑒]
−1 𝑓𝑜𝑟 𝑡𝑎  ˃ 0; 𝑡 ∀ ℝ                                                 (2.21)  
where 𝜆𝑎 represents the arrival rate and ta for the inter-arrival time in minutes.  
The obtained rainfall spikes’ queue disciple in Durban at 1-minute sampling time was found to be a semi-
Markovian process (M/ 𝐸𝑘/s/FCFS/∞). It was also found that the peak attained by each generated spike is 
random and has a positive power–law relationship with its corresponding service time. Furthermore, there 
was a comparative study between the rainfall queues obtained from measured data in Durban and that in 
Butare (2o36’S, 29o44’E). It was found that a large number of collected rainfall data in Butare is 
characterized as either shower or thunderstorm, while that which was collected in Durban is  
 
 
Figure 2.2: Rainfall measurement equipment setup (Joss-Waldvogel RD-80 distrometer) [Alonge, 2014]. 
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TABLE 2.2: RAINFALL QUEUE PARAMETERS STATISTICAL INFORMATION AT 1-MINUTE SAMPLING TIME 
IN DURBAN 
      SERVICE TIME 
SAMPLING 
TIME 
REGIME RATE (µs) AVERAGE ( 𝒕?̅?) NUMBER OF 
STAGES (k) 
 
1-minute 
Drizzle 0.0808 12.3755 5 
Widespread 0.0729 13.7095 5 
Shower 0.0615 16.2556 4 
Thunderstorm 0.0489 20.4409 3 
        INTER-ARRIVAL TIME 
SAMPLING 
TIME 
REGIME RATE (λa) AVERAGE ( 𝒕?̅?) NUMBER OF 
STAGES (k) 
 
1-minute 
Drizzle 0.1921 5.2065 1 
Widespread 0.1533 6.5242 1 
Shower 0.1486 6.7312 1 
Thunderstorm 0.0922 10.8475 1 
      OVERLAP TIME 
SAMPLING 
TIME 
REGIME RATE (σo) AVERAGE ( 𝒕?̅?) NUMBER OF 
STAGES (k) 
 
1-minute 
Drizzle 0.2506 3.9906 3 
Widespread 0.2331 4.2899 3 
Shower 0.1705 5.8667 3 
Thunderstorm 0.1739 5.7509 2 
 
characterized mainly by drizzle and widespread type of rainfall [Alonge and Afullo, 2014b]. As it was the 
case with Durban, the rain rate time series was found to follow a semi-Markovian process, M/ 𝐸𝑘/s/FCFS/∞, 
in Butare. The rainfall spike traffic as a single queue entity of rainfall process was found to be aperiodically 
generated. Rainfall spikes’ service time in Durban was found to be increasing as the rain rates increases. 
This implies that rain attenuation growth processes in Durban is slower with a high chance of prolonged 
network outage window, especially for intense rainfall conditions with high rainfall rates. Alonge and Afullo 
(2015) explored the probabilistic nature and underlying behavior of rainfall. They presented a peculiar 
method of generating rainfall rates by a queueing scheduling technique for regions where rain data may be 
unavailable or insufficient. A bit of this applies the queueing characteristics of rain to generate 
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instantaneously distinct time-varying rainfall events. In their investigation, they presented a synthesis 
technique for rainfall queues with rainfall spikes at subtropical and equatorial locations. The error analysis 
between the queue generated rainfall distributions and measured data validated the model suitability at both 
locations. It is therefore reasonable to suggest that the stochastic nature of rainfall may be captured and 
ultimately synthesized through a queue scheduling process for rain fade prediction and mitigation thereof. 
In this approach, the availability of the queue parameters at a location remains the key input model 
parameters towards a successful prediction of rainfall attenuation. 
 
2.8 Chapter Summary 
This chapter presented a review of rainfall attenuation models, rainfall rate models and rainfall drop size 
distribution models. These models are based on empirical, analytical and statistical approaches and thus 
form a good basis for rainfall attenuation prediction. Moreover, the accomplished work on rainfall queues 
in South Africa is reviewed. It is shown that the arrival pattern of rain clouds at 5-minute sampling time in 
Durban follows exponential distribution. While the service times of arriving rainfall clouds is discovered 
to be Erlang-k distributed. This information of rain queue theory is essential for the future development of 
countermeasure paradigm for dynamic rain fade mitigation, as this will complement the current ITU-R 
approach. 
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CHAPTER THREE  
Impact of the Sampling Time on the Rainfall Queues in Durban 
3.1 Introduction 
The overall behavior of the rainfall queues strongly depend on the three relevant rainfall queue parameters 
namely the inter-arrival, service and overlap time. However, these parameters may be influenced by many 
factors during the process of rainfall measurements; among those factors is sampling time. A rainfall event 
may be considered a continuous process and such an event is characterized by a numerous content of 
raindrop sizes and rain rates. The rainfall measurement process, as is the case with many continuous 
processes, is such that data it is obtained by discrete-time sampling. It would then follow that the expected 
rain rate time series depend on the sampling rate. The basic idea is that a process that changes rapidly will 
need to be sampled much faster than that which changes slowly. In signal processing, the Shannon sampling 
theorem formalizes the required sampling rate in a clean and elegant way. This is primarily because more 
often the information regarding the sampled process (signal) is available in terms of its frequency 
components. However, in terms of changes in rain behavior and content, such information is not available 
and one can only speculate as to the amount of time (which informs frequency) which needs to be 
considered adequate to capture changes in rain behavior. Most of the devices in the market today provide 
for adjustment in terms of sampling time but the question still remains: what is the suitable sampling time 
with which resources are not wasted while accurate process reconstruction remains a possibility? Most of 
the research globally, Duran included, have analyzed and proposed different models for different climatic 
conditions derived from empirical data. As recommended by the ITU, rainfall measurements are often 
conducted at 1-minute sampling time. Nevertheless, one would argue that the dynamics of rainfall may not 
be well captured at 1-minute intervals and as such this may lead to under-representation of the rain process. 
However, the type of rain that dominates a location may also have an influence on the choice of sampling 
time e.g. in areas dominated by drizzle-type rainfall it may be sufficient to sample at 1-minute as this type 
of rain tends to maintain a steady intensity over longer periods of time. The determination of an optimum 
sampling time may well be an analytical problem the solution of which may have little use practically since 
it is common practice to use commercially available instruments which have pre-determined sampling 
times. In this study, we examine the influence of sampling time on rain-induced attenuation by re-modeling 
the statistical behavior of rainfall with data obtained at twice the previous sampling rate over the same 
location. The same system setup discussed in chapter 2, subsection 2.7.2.1, was used to acquire rainfall data 
over a period of 42 months (3.5 years) from April 2013 up to June 2016 at 30-second (2 S/min) sampling 
time. At this sampling rate we have doubled the previous rate of 1S/min which was previously used by 
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[Alonge and Afullo, 2014a]. In order to fully appreciate the effect of sampling time on rainfall queue 
parameters, a comparison is made between the two datasets. Before one performs standard tests such as 
error analysis, a much more relevant comparison is made in terms of the quantities of the obtained queue 
parameters. For example, it is expected that under the doubled sampling rate there should be a higher arrival 
rate just as there should be higher service rate. Even though there is no benchmark for comparison, the 
usefulness of such a comparison remains in that the queue parameters provide an early indication of the 
effect of sampling time. The distributions for the queue parameters are then determined to establish the 
overall queue system and compare the results with those previously obtained under half the sampling rate. 
Accordingly, error analysis is performed between the two queue-generated datasets to quantify the 
difference that arises due to sampling.  
 
3.2 Sampled Rain Spikes  
Of the total collected rainfall data at 30-second sampling time, most of the sampled rain spikes have a 
service time that falls within the range 0 ≤ t < 20 minutes and 20 ≤ t < 40 minutes as shown in Table 3.1. 
In the drizzle regime, 89.6% and 9.3% of the rain spikes service time lies within 0 ≤ t < 20 minutes and 20 
≤ t < 40 minutes, respectively. Widespread rainfall has 85.3% and 13.8% of the rainfall spikes service time 
that is within 0 ≤ t < 20 minutes and 20 ≤ t < 40 minutes, respectively. The shower regime has 79.5% and 
14.9% of the rain spikes service time in the range 0 ≤ t < 20 minutes and 20 ≤ t < 40 minutes, respectively. 
In the thunderstorm regime 80.1% and 12.4% of the sampled rain spikes service time lies within 0 ≤ t < 20 
minutes and 20 ≤ t < 40 minutes respectively. It is observed that the drizzle regime has the highest 
percentage of sampled rain spikes with service time in the range 0 ≤ t < 20 minutes, whereas in the range 
20 ≤ t < 40 minutes the dominant number of rain spikes belongs to the shower regime. A similar trend is 
observable for other queue parameters as can be deduced from Table 3.1.     
 
3.3 Rainfall Queue Parameters Modeling and Results Analysis at 30-second sampling 
3.3.1 Service Time 
The rainfall spikes service time is one of the key parameters in the determination of the queue system for 
any given process. This parameter directly translates to the length of time during transmission within which 
the radio link is affected by moments of continuous precipitation at a certain rain rate. Prolonged service 
time of certain rain rates may lead to failure of the communication system to recover lost or corrupted 
transmissions due to rainfall ultimately causing network outage. Since service time is a statistical parameter, 
its variation is therefore captured by statistical tools and it has been determined that it is Erlang-k 
distributed, with k = 2 for all regimes except thunderstorm regime where k = 3 as presented  
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TABLE 3.1:  NUMBER OF SAMPLED RAINFALL SPIKES ACCORDING TO THEIR TIME BOUNDS AND QUEUE 
PARAMETERS AT 30- SECOND SAMPLING TIME  
SERVICE TIME (minutes) 
TIME BOUNDS 
(minutes) 
30 Seconds Integration time 
Drizzle Widespread Shower Thunderstorm 
0 ≤ t < 20 596 506 442 149 
20 ≤ t < 40 62 82 83 23 
40 ≤ t < 60 7 3 18 10 
t  ≥ 60 0 2 13 4 
∑ 665 593 556 186 
   INTER-ARRIVAL TIME (minutes) 
TIME BOUNDS 
(minutes) 
30 Seconds Integration time 
Drizzle Widespread Shower Thunderstorm 
0 ≤ t < 20 488 464 453 130 
20 ≤ t < 40 24 31 37 16 
40 ≤ t < 60 4 3 12 3 
t  ≥ 60 0 2 2 1 
∑ 516 500 504 150 
OVERLAP TIME (minutes) 
TIME BOUNDS 
(minutes) 
30 Seconds Integration time 
Drizzle Widespread Shower Thunderstorm 
0 ≤ t < 20 516 500 498 149 
20 ≤ t < 40 0 0 3 1 
40 ≤ t < 60 0 0 2 0 
t  ≥ 60 0 0 1 0 
∑ 516 500 504 150 
 
in Table 3.2 and Figure 3.1. Rainfall spikes in the shower regime are observed to have the longest average 
service time (lifespan) of approximately 15 minutes. In summary, rain spikes’ average service time is within 
the range 10 < t < 15 minutes for all regimes in Durban at 30-second sampling time. On the other hand 
drizzle is characterized by higher service rates compared to all other regimes, thus it is more likely that the 
lower service rates under shower-type rainfall will be responsible for most of the network outages due to 
their prolonged service time. 
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Table 3.2: RAINFALL QUEUE PARAMETERS MODELING RESULTS AT 30-SECOND SAMPLING TIME   
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(µs) 
NUMBER OF 
STAGES 
(k) 
 
 
SERVICE TIME 
 
Drizzle 10.103 0.099 2 
Widespread 11.517 0.087 2 
Shower 14.618 0.068 2 
Thunderstorm 14.331 0.070 3 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(λa) 
NUMBER OF 
STAGES 
(k) 
 
INTER-ARRIVAL 
TIME 
Drizzle 4.805 0.208 4 
Widespread 5.791 0.173 2 
Shower 5.745 0.174 2 
Thunderstorm 9.105 0.110 2 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(σo) 
NUMBER OF 
STAGES 
(k) 
 
 
OVERLAP TIME 
Drizzle 1.435 0.697 1 
Widespread 1.750 0.571 1 
Shower 2.474 0.404 1 
Thunderstorm 1.844 0.542 1 
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c) Shower      d) Thunderstorm 
 
Figure 3.1: Service Time PDFs of Actual and Simulated Rainfall Data in Durban at 30-second Sampling 
Time.  
 
3.3.2 Inter-Arrival Time 
The time difference between successive arrivals of the rainfall spikes is called the inter-arrival time. It is 
one of the parameters required for a complete specification of the queue system of the rain rate time series 
as a queue process. The properties of the inter-arrival distribution are discussed and modeled. It was 
established that the rain spikes inter-arrival time follows an Erlang-k distribution with k = 2 for all rainfall 
regimes except drizzle where k = 4. It is observed that there is an increase in the average inter-arrival time 
from drizzle to thunderstorm. Thus, the average time between thunderstorm rain spikes is the longest 
compered to all other regimes; it takes approximately 10 minutes on average for another spike to arrive 
during thunderstorm events. In general, the average rainfall spike inter-arrival time in Durban at 30-second 
sampling time is between 4 < t < 10 minutes across all the rainfall regimes. Accordingly, there is a decrease 
in rainfall spike arrival rates from drizzle to thunderstorm. Thus the frequency of rainfall spike arrivals is 
highest during drizzle events where the rain rate is between 1 ≤ t < 5 mm/h. All the inter-arrival times 
modeled and simulation results are presented in Table 3.2 and Figure 3.2 for all rainfall regimes.   
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a) Drizzle      b) Widespread 
 
              
c) Shower      d) Thunderstorm 
 
Figure 3.2: Inter-Arrival Time PDFs of Actual and Simulated Rainfall Data in Durban at 30-second 
Sampling Time. 
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3.3.3 Overlap Time 
The natural arrangement of clouds and possible continuous growth of droplets advected by turbulent flow 
of clouds tends to cause overlap in the measured rain time series at a station. It is common in queueing 
systems to experience overlap and it should duly be taken into consideration for accurate characterization 
of the underlying process. In the presence of overlap, the arrival time of the next event encroaches into the 
time service of the current event. Though this does not change the service time of the current event, it does 
however imply that there are times of parallel service in the system. The nature of the overlap time 
parameter is analogous to that of the service time, since it is regarded as a subset of the service time. It is 
therefore expected to exhibit similar probabilistic characteristics as the service time parameter. Table 3.2 
and Figure 3.3 present both the modeled and measured probabilistic results for the overlap time distribution 
for different regimes in Durban at 30-second sampling time. The overlap time parameter is found to be 
exponentially distributed, which is a special case of the Erlang-k distribution with k = 1. The shower regime 
is observed to have the longest average overlap time. Drizzle, as expected, has the highest overlap rate 
compared to other regimes. This stems from the earlier observation under service time, where drizzle was 
found to have the highest service rate and it logical to conclude that the higher the service rate in the regime, 
the higher the overlap rate in the same regime. 
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c) Shower      d) Thunderstorm 
 
Figure 3.3: Overlap Time PDFs of Actual and Simulated Rainfall Data in Durban at 30-second Sampling 
Time. 
TABLE 3.3: OVERALL QUEUE PARAMETERS AT 30-SECOND SAMPLING TIME IN DURBAN 
QUEUE 
PARAMETER 
AVERAGE 
TIME 
 
𝒕?̅? 
RATE 
PARAMETER 
 
µ 
NUMBER OF 
STAGES 
 
k 
Service Time 12.210 0.082 2 
  
 𝒕?̅? 
 
 λ 
 
k 
Inter-Arrival Time 5.832 0.171 3 
  
 𝒕?̅? 
 
 σ 
 
k 
Overlap Time 1.872 0.534 1 
        
3.3.4 Overall Queue Parameters 
Over the years, the study of rainfall behavior has been carried out in two of ways: 1) as a regime-based 
process and different researchers have used different regime margins in their respective classifications 2) 
as a unified process where the statistical analysis is derived from the entirety of measured rainfall data  
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a) Overall Service Time     b) Overall Inter-Arrival Time 
 
 
 
(c) Overall Overlap Time 
 
Figure 3.4: Overall Queue Parameter’s PDFs of Actual and Simulated Rainfall Data in Durban at 30-
second Sampling Time. 
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without any rain rate classification. The type of rain at a location may influence the choice of approach and 
this also applies to regime classifications. In this work, both approaches are considered and thus the overall 
rain queue system is also determined. Both approaches serve a meaningful purpose in terms of application. 
The availability of a communication link is usually derived from the overall annual rain statistics at a 
location.  On the other hand, a regime-based rain fade prediction will improve dynamic fade countermeasure 
processes a great deal as it offers specific details about the variability of rain behavior for individual events. 
The 30-second sampled data collected over 3.5 years is used again to establish the overall queue parameters.  
The obtained results are presented in Table 3.3 and Figure 3.4 which show the actual data as well as the 
modeled behavior. The overall service time is Erlang-k distributed, with k = 2, the same number of stages 
obtained under regime-based modeling except for thunderstorm regime. The overall average service time 
is 12.21 minutes, which is very close to that of the widespread regime (11.517 minutes). The overall service 
rate is 0.08 spikes per second which is between the lower and upper bounds obtained under regime-based 
service rates. The overall inter-arrival time parameter follows an Erlang-k distribution, where the arrival 
process is a three-stage process (k = 3). The overall average inter-arrival time is approximately 6 minutes 
and lies between the lower and upper values obtained under the regime-based inter-arrival times and notably 
closer to the widespread average inter-arrival time presented in Table 3.2. A similar observation can be 
made in terms of the overall arrival rate of 0.17 spikes every 30-second in comparison with 0.173 under the 
widespread regime. Conversely, the overall overlap time follows the exponential distribution. The overall 
average overlap time is 1.9 minutes and likewise, is very close to that of the widespread regime. In general, 
the average values of the overall queue parameters are within the bounds of the regime-based queue 
parameters and it may be concluded that the general probabilistic characteristic of rainfall in Durban is of 
widespread nature.   
 
3.3.5 Error Analysis of the Suggested Distributions 
There are numerous statistical tools used to test the suitability of a proposed model as to whether it captures 
the underlying process adequately. Such techniques include Anderson-Darling, Shapiro –Wilk, 
Kolmogorov- Smirnov, Hosmer-Lemeshow test and many more. In this work only the Root Mean Square 
Error (RMSE) and Chi-square statistics (χ2) are used to test the suitability of the proposed models. RMSE 
and χ 2 are presented in (3.1) and (3.2) respectively [Alonge and Afullo, 2014a]: 
 
RMSE =  [
1
𝑛
∑(𝑥𝑖 − 𝑥𝑖
′)2
𝑛
𝑖=1
]
1
2
                                                                 (3.1) 
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χ2 = ∑
(𝑥𝑖 − 𝑥𝑖
′)2
𝑥𝑖
𝑛
𝑖=1
                                                                            (3.2) 
where 𝑥𝑖 , 𝑥𝑖
′ and n are the actual dataset, proposed model dataset and sampled population respectively. 
 
The error analysis results produced by equation (3.1) and (3.2) are displayed in Table 3.4 obtained for all 
the queue parameters and rainfall regimes accordingly. The 5% significant level is chosen as a rejection 
region. If the null hypothesis is accepted, then 95% of the data generated by the proposed distribution may 
be considered to be drawn from the actual data. For the service time parameter, the RMSE ranges between 
0.7% and 1.1% for all the rainfall regimes, hence the null hypothesis is not rejected as 5% significant level. 
Additionally, under the χ2 test the null hypothesis is not rejected. The standard χ2 table of values can be 
accessed in [1]. In this consideration, the service time for rain rate is proven to be Erlang-k distributed. The 
inter-arrival time parameter is Erlang-k distributed with a RMSE that varies between 1.4% and 2.4% for all 
the rainfall regimes. Hence at 5% significant level the null hypothesis is not rejected. Therefore, the arrival 
process of rainfall rate spikes in Durban at 30-second sampling time is best described by an Erlang-k 
distribution. The overlap time exponential distribution error analysis shows that its RMSE varies between 
1.2% and 3.9% regardless of the rain regime. Also, the χ2 values are less than 5% significant threshold. 
Thus, the null hypothesis is accepted. Conclusively, the Erlang-k distribution best describes the behavior 
of the service and inter-arrival of the actual rainfall data, whereas the exponential distribution describes the 
overlap time parameter at 30-second sampling time in Durban. 
 
Lastly, the overall queue parameters’ RMSE ranges between 0.6% and 3.5%, which makes the null 
hypothesis acceptable at 5% significant level. Also by applying χ2, the null hypothesis is not rejected at 5% 
significant level. Therefore, the overall service and inter-arrival times are Erlang-k distributed, whereas the 
overall overlap time is exponential distributed. Hence, all the three overall queue parameters belong to the 
same family of distributions. In conclusion, at 30-second sampling the rainfall process follows a non-
Markovian process (Ek/Ek/s/∞/FCFS) in Durban.  
 
3.4 Investigation of the Number of Servers 
The queue system performance is highly dependent on one of the queue parameters called number of 
servers. This parameter is vital for the analysis of the steady state stability of the queue system. For the 
system to reach stability, it is required to satisfy steady-state criterion [Bolch et. al, 1998; Hillier and 
Lieberman, 2001]: 
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𝜌 = (
𝜆𝑎
𝑠µ𝑠
) ≤ 1                                                               (3.3) 
where 𝜌 is called the utilization factor.  
 
TABLE 3.4: PROPOSED QUEUE PARAMETERS DISTRIBUTION ERROR INVESTIGATION  
QUEUE 
PARAMETER 
RAINFALL 
REGIME 
PROPOSED 
MODEL 
REGIME 
RMSE 
REGIME 
χ2 
DEGREE 
OF 
FREEDOM 
(DF) 
SIGNIFICANT 
LEVEL 
(SL) 
 
SERVICE 
TIME 
DRIZZLE Erlang-k 0.009 0.1264 664 762.66 
WIDESPREAD Erlang-k 0.007 0.102 592 658.09 
SHOWER Erlang-k 0.011 0.392 555 658.09 
T/STORM Erlang-k 0.008 0.166 185 217.74 
 
 
INTER-
ARRIVAL 
TIME 
DRIZZLE Erlang-k 0.024 0.089 515 553.13 
WIDESPREAD Erlang-k 0.016 0.196 499 553.13 
SHOWER Erlang-k 0.021 0.091 503 605.67 
T/STORM Erlang-k 0.014 0.206 149 178.49 
 
 
OVERLAP 
TIME 
DRIZZLE Exponential 0.012 0.074 515 605.67 
WIDESPREAD Exponential 0.039 0.077 499 553.13 
SHOWER Exponential 0.033 0.102 503 605.67 
T/STORM Exponential 0.020 0.041 149 178.49 
 
 
TABLE 3.5: PROPOSED OVERALL QUEUE PARAMETERS DISTRIBUTION ERROR INVESTIGATION 
PARAMETERS PROPOSED  
MODEL 
OVERALL  
RMSE 
OVERALL 
 χ2 
DF SL 
SERVICE TIME Erlang-k 0.006 0.147 1999 1074.8 
INTER-ARRIVAL TIME Erlang-k 0.021 0.800 1669 1074.8 
OVERLAP TIME Exponantial 0.035 0.079 1669 1074.8 
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TABLE 3.6: THE MINIMUM NUMBER OF SERVERS FOR THE FOUR 
RAINFALL REGIMES 
MINIMUM NUMBER OF SERVERS 
Sampling Time Drizzle Widespread Showers Thunderstorm 
30 Seconds 3 2 3 2 
 
Applying (3.3) on the rainfall queue discipline at 30-second sampling (Ek/Ek/s/∞/FCFS) for each regime, it 
is found that the system will not reach the stability (𝜌 > 1) under a single server. However, the system can 
still be investigated in terms of the number of servers required for to reach stability. Therefore, the minimum 
number of servers (𝑠𝑚𝑖𝑛) required for a queue system to reach stability must satisfy the following condition 
[Alonge and Afullo, 2014b]:  
𝑠𝑚𝑖𝑛  ≥ 𝑐𝑒𝑖𝑙 (
𝜆𝑎
µ𝑠
)                                                                                      (3.4) 
where ceil, 𝜆𝑎 and µ𝑠 denote the smallest integer returned greater or equal to the expression in the brackets, 
arrival and service rate respectively.  
For each regime the minimum number of servers required is presented in Table 3.6. It is found that the 
produced queue system only needs two servers for widespread and thunderstorm, and three servers for 
drizzle and shower to reach system stability.  
 
3.5 Investigation of the Relationship between the Overall Number of Spikes and Event 
Duration 
The overall number of rainfall spikes collected for this study is 2000, extracted from 378 rainfall events. 
Results from fitting provide clear evidence of the relationship between the number of rainfall spikes (N) 
and rainfall events duration (𝑇𝑆) as shown in Figure 3.5. This relationship can be interpreted by a power 
law as follows 
 
𝑇𝑆 = 𝛼𝑁
𝛽                                                                                              (3.4) 
where 𝛼 and 𝛽 are the power law coefficients. 
By collecting all the rainfall spikes across all rainfall events and fitting the event count against their 
corresponding event duration using the power law relationship in EXCEL, the power law coefficients in 
equation (3.4) are obtained. Table 3.7 and Figure 3.5 presents the fitted power law relationship which exists 
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between the overall number of rainfall spikes and their respective event durations, where the convergent 
coefficients (𝛼, 𝛽) are (6.7915, 1.1369) respectively.  
 
TABLE 3.7: RELATIONSHIP BETWEEN THE NUMBER OF RAINFALL SPIKES AND RAINFALL EVENTS 
DURATION 
 
Rainfall Regimes 
 
𝜶 
 
𝜷 
Average Events 
Duration 
(minutes) 
Number of 
Events 
Number of 
Spikes 
Drizzle 6.4664 1.0917 40.61 151 665 
Widespread 6.9996 1.149 60.98 104 593 
Shower 9.1652 1.0583 82.92 92 556 
Thunderstorm 7.8793 1.1268 70.83 34 186 
Overall 6.7915 1.1369 59.03 378 2000 
 
 
 
 
Figure 3.5: Relationship between the Overall Number of Rainfall Spikes and Rainfall Duration. 
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Additionally, Table 3.7 also presents the regime-based results. The average events duration results indicate 
that the shower regime is characterized by prolonged events compared to other rainfall regimes, which 
corroborates the results found earlier under the service time queue parameter. 
 
3.6 Comparison of the Rainfall Queue Parameters at 30-second and 1 minute Sampling Time 
The queueing theory approach in modeling of the rainfall behavior at 1-minute sampling time over radio 
links in Durban was pioneered by [Alonge and Afullo, 2014a]. Similarly, by applying the queueing theory 
approach on the 30-second sampled data in Durban, improved results have been obtained in this current 
work. This presents an opportunity to study the effects of sampling time on rainfall queues by comparing 
queue parameters at 30-second and 1-minute sampling.  
3.6.1 Service Times  
The simulation and modeling results of the rainfall queue parameters at 30-second and 1 minute sampling 
times in Durban are shown in Table 3.2 and Table 2.2 respectively. The results show that the service time 
parameter at both 30-second and 1-minute is Erlang-k distributed, as also seen graphically in Figure 3.6. 
The number of stages increases as the rain rate increases from drizzle to thunderstorm at 30-second 
sampling while the opposite is true at 1-minute sampling. Distinctly, the thunderstorm regime at 30-second 
and 1-minute sampling has the same number of stages. The average service time at 30-second sampling 
gradually increases from drizzle to shower regime, hence the shower regime possesses the highest average 
service time, 𝑡?̅? = 14.6 min, compared to all other regimes. At 1-minute sampling, the regime which 
possesses the highest average service time, 𝑡?̅? = 20.4 min, is the thunderstorm regime. The spikes service 
rates at 30-second sampling gradually decreases from drizzle to shower regime. Therefore, the drizzle 
regime has the highest service rate,   µ𝑠 = 0.099 𝑠𝑝𝑖𝑘𝑒𝑠/𝑚𝑖𝑛, compared to all other regimes. Also at 1-
minute sampling, service rates were found to be gradually decreasing from drizzle to thunderstorm regime.  
Drizzle has the highest service rate of  µ𝑠 = 0.081 𝑠𝑝𝑖𝑘𝑒𝑠/𝑚𝑖𝑛. For both the 30-second and 1-minute 
sampling, drizzle rainfall has the highest service rates. In general, drizzle rainfall spikes are the most 
frequent in Durban regardless of the sampling time employed. Moreover, it is observed that each rainfall 
regime at 30-second sampling is characterized by higher service rates compared to their counterparts at 1-
minute sampling. Hence at 30-second sampling more rainfall spikes are identified. 
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a) Drizzle      b) Widespread 
 
         
c) Shower      d) Thunderstorm 
 
Figure 3.6: Plots of the Proposed Queue Models and Actual Data Sets for the Service Time at 30-Second 
and 1- min Sampling Time According to the Regimes.  
1) 30 s Queue Model → Erlang-k Distribution.    2) 1-min Queue Model → Erlang-k Distribution. 
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3.6.2 Inter-Arrival Times 
The inter-arrival time is Erlang-k distributed at 30-second sampling, where k = 2 for all the rainfall regimes 
except drizzle where k = 4 as shown in Table 3.2 and Figure 3.7. Conversely, at 1-minute sampling the 
inter-arrival times follow the exponential distribution, which is the special case of Erlang-k distribution, 
with k = 1. Thus, the inter-arrival times for both sampling times are of the same probability distribution 
family with different number of stages. The thunderstorm regime at 30-second sampling has the highest 
average inter-arrival time, 𝑡?̅? = 9.1 min, compared to all other regimes. At 1-minute sampling the average 
inter-arrival time is gradually increasing from drizzle to thunderstorm regime. Therefore, the thunderstorm 
regime has the highest average inter-arrival time, 𝑡?̅? = 10.8 min, compared to all other regimes. Arrival 
rates results at 30-second sampling show that during drizzle events there are more rainfall spike 
arrivals, 𝜆𝑎 = 0.192 spikes/min, compared to all other regimes. Similarly, at 1-minute sampling the arrival 
rate results show that during drizzle events more spike arrivals are expected since it has the highest arrival 
rate, 𝜆𝑎 = 0.208, compared to all other regimes. Based on the arrival rate results from both sampling times, 
it is evident that each regime at 30-second sampling has more rainfall spike arrivals compared to their 
counterparts at 1-minute sampling. This further confirms the results found under the service time parameter 
that at lower sampling times more rainfall spikes are resolved. 
 
 
           
a) Drizzle      b) Widespread 
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c) Shower      d) Thunderstorm 
 
Figure 3.7: Plots of the Proposed Queue Models and Actual Data Sets for the Inter-Arrival Time at 30-
Second and 1- min Sampling Time According to the Regimes. 
1) 30 s Queue Model → Erlang-k Distribution.         2) 1-min Queue Model → Exponential Distribution. 
3.6.3 Overlap Times 
At 30-second sampling, the rainfall spikes overlap time follows an exponential distribution for all the 
rainfall regimes as shown in Table 3.2 and Figure 3.8. Comparatively, at 1-minute sampling the overlap 
time parameter follows an Erlang-k distribution with the number of stages, k = 3. The number of stages is 
the same for all regimes except thunderstorm regime where k = 2. At 30-second sampling, the shower 
regime has the highest average overlap time, 𝑡?̅? = 2.474 min, compared to all other regimes. At 1-minute 
sampling, the spikes average overlap time behavior is similar to that at 30-second sampling in that the 
shower regime has the highest average overlap time, 𝑡?̅? = 5.867 min, compared to other regimes. The 
results at 30-second sampling show that there is higher overlap rate, 𝛿𝑜 = 0.697 spikes/min, during the 
drizzle events. Therefore this corroborates the results found under the 30-second service time parameter 
where there are more observable rainfall spikes under the drizzle regime, which effectively results in more 
overlapping spikes. At 1-minute sampling, the overlap rates behave similarly to those at 30-second 
sampling, the highest overlap rate, 𝛿𝑜 = 0.251 spikes/min, is found during the drizzle events. Conclusively, 
the assertion that more rainfall spikes are identified as sampling time decreases still holds,  
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a) Drizzle     c) Widespread 
 
            
c) Shower      d) Thunderstorm 
 
Figure 3.8: Plots of the Proposed Queue Models and Actual Data Sets for the Overlap Time at 30-Second 
and 1- min Sampling Time According to the Regimes.  
1) 30 s Queue Model → Exponential Distribution. 2) 1-min Queue Model → Erlang-k Distribution. 
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since more overlapping rain spikes are found at 30-second than at 1-minute sampling. Therefore, all the 
queue parameter statistics confirm that at lower sampling time more significant rainfall spikes are resolved. 
 
3.6.4 Overall Queue Parameters 
The overall service and inter-arrival times at 30-second sampling are Erlang-k distributed where the number 
of stages is 2 and 3, respectively; whereas the overall overlap time is exponentially distributed as presented 
in Table 3.3 and Figure 3.9. With regards to 1-minute sampling, the overall service time and overlap time 
follow the Erlang-k distribution where the number of stages are 5 and 3, respectively. Conversely, the 
overall inter-arrival time was found to be exponential distributed [Alonge and Afullo, 2014b]. Therefore, 
all the overall queue parameters at both sampling times belong to the same family of probability 
distributions. It is observed that at 30-second sampling the overall average service, inter-arrival and overlap 
times are lower compared to those at 1-minute sampling. It then follows that the rate parameters for these 
queue parameters at 30-seconds sampling are higher compared to those at 1-minute sampling. This means 
that there are more observable rainfall spikes at 30-second sampling than at 1-minute sampling.  
 
a) Overall Service Time 
1) 30 s Queue Model → Erlang-k Distribution.   2) 1-min Queue Model → Erlang-k Distribution 
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b) Overall Inter-Arrival Time 
1) 30 s Queue Model → Erlang-k Distribution.  2) 1-min Queue Model → Exponential Distribution 
 
 
c) Overall Overlap Times 
1) 30 s Queue Model → Exponential Distribution.  2) 1-min Queue Model → Erlang-k Distribution 
Figure 3.9: Plots of the Proposed Queue Models and Actual Data Sets for the Overall Queue Parameters 
at 30-Second and 1- min Sampling Time According to the Regimes.  
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3.7 Chapter Summary 
This chapter shows that in Durban at 30-second sampling rainfall events follow a particular queue pattern, 
which is a non-Markovain process (Ek/Ek/s/∞/FCFS). The service and inter-arrival times are found to be 
Erlang-k distributed, whereas the overlap times are exponentially distributed. The inter-arrival time 
parameter is found to be characterized by the longest average time during thunderstorm events. Drizzle 
events are found to have many rainfall spike arrivals compared to all other rainfall regimes. However, the 
average service time parameter has been found to be the longest under the shower regime. This may imply 
that shower events are more likely to cause network outage at 30-second sampling due to sustained 
perturbation of the propagation path. The highest average overlap time is found under the shower regime, 
whereas the highest overlap rate is found under the drizzle regime. The Erlang-k distribution is also found 
to be the best fit for all the overall queue parameters, except the overall overlap time which is exponentially 
distributed. When comparing the 30-second and 1-minute data, it is found that the average service time of 
the rainfall spikes in Durban is between 10 < t < 21 minutes regardless of the sampling time. All the queue 
parameter rates (service, inter-arrival and overlap) at 30-second sampling are higher than those at 1-minute 
sampling. Thus, more rainfall spikes are identified at 30-second sampling as compared to 1-minute 
sampling. Conclusively, the 30-second sampling gives more detailed statistical information about rainfall 
spikes than at 1-minute sampling. Therefore based on these results, we strongly recommend that for better 
predictions, 30-second sampling must be used as opposed to 1-minute sampling for rainfall data acquisition.   
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CHAPTER FOUR 
Long Term Modeling of the Rainfall Spikes at 30-second Sampling Time in Durban 
4.1 Introduction  
It has been shown in chapter 3 that at 30-second sampling a great deal of detail is achieved as compared to 
the 1-minute sampling enabling more rainfall rate spikes to be revealed. However, the data obtained from 
the measurement campaign using 1-minute sampling remains relevant. This work takes advantage of the 
availability of the two datasets and implements a conversion strategy to map one dataset into the other, 
thereby expanding the data volume. In this manner, the long term probabilistic characteristics of rainfall 
may be predicted with improved accuracy at a location. Essentially, the combined data will represent a 
measurement period spanning sixty six (66) months. It is therefore preferable to convert the 1-minute 
sampled data to 30-second data primarily because of the variations in detail observed in chapter 3. The 
significance of long-term modeling is two-fold: 1) network planning requires availability statistics as 
accurately as possible in order to determine realistic link margins under rainy conditions, 2) many natural 
processes tend to exhibit self-similarity characteristics, and this property will be assessed herein. The 
advantage of dealing with self-similar processes emanates from the fact that the fractals of the process may 
be used to infer the underlying process. Rainfall measurement is a long process that span years with 
specialized equipment required. Moreover, a suitable location is required for placement of such equipment 
with ample care necessary for the sensing units as well as safe housing of processing units. Such 
requirements may prove prohibitive for adequate measurement campaigns over extended periods of time. 
However, self-similar processes require only a fraction of the time and long-term behavior may 
subsequently be inferred without long-term measurement which is both time and resource intensive. 
Therefore, the aim of this chapter is to determine the long-term behavior of rainfall queues at 30-second 
sampling in Durban.  
4.2 Investigation of the Typical Relationship between the 30-second and 1-minute Data 
It is generally correct to assume that each and every location is characterized by common weather 
conditions; hence a relationship will exist between all rainfall datasets obtained from the same location 
irrespective of the sampling time. Thus, the two datasets used in this study are expected to have some sort 
of a relationship which can be used to mimic one data generating process given the other. The cumulative 
distribution function (CDF) is observed as a better tool to use for comparing two data sets, since at each 
point of the CDF more data population is found than in probability distribution function (PDF). Therefore, 
this section presents the methodology used to determine the existing relationship between the 30-second 
and 1-minute data by comparing their CDFs. 
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Table 4.1:  COEFFICIENT OF DETERMINATION VALUES (R2) BETWEEN THE 1-MINUTE AND 30-SECOND 
RAINFALL QUEUE PARAMETERS 
REGIME 
 
FUNCTION SERVICE TIME 
 
(R2) 
INTER-ARRIVAL 
TIME 
(R2) 
OVERLAP TIME 
 
(R2) 
 
Drizzle 
polynomial 0.9914* 0.9914* 0.9354* 
linear 0.9714 0.9037 0.4909 
 
Widespread 
polynomial 0.9989* 0.9805* 0.9997* 
linear 0.9582 0.9304 0.9939 
 
Shower 
polynomial 0.9997* 0.9933* 0.9982* 
linear 0.9581 0.7467 0.9075 
 
Thunderstorm 
polynomial 0.9992* 0.9975* 0.9992* 
linear 0.9674 0.9893 0.9481 
 
OVERALL 
PARAMETERS 
polynomial 0.999* 0.9974* 0.9998* 
linear 0.9563 0.9964 0.9679 
{* denote the lowest error statistics} and {Bold - denote the lowest error statistics amongst the queue 
parameters} 
 
 
Figure 4.1: Comparison Procedure of the 30-second and 1-minute Cumulative Distribution Functions 
(CDFs)     
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The procedure used for developing the relationship between the two rainfall datasets is as follows: For each 
queue parameter for both the 30-second and 1-minute sampled data in each rainfall regime, the CDFs are 
compared. The comparison is made for 10 corresponding equally spaced percentage points of the CDFs as 
demonstrated in Figure 4.1.  Obviously the accuracy can be improved by choosing a fine discretization of 
the percentage values but the chosen step-size is adequate. The datasets sampled from the two CDFs are 
then plotted against each other, with the 1-minute data on the x-axis and the 30-second data on the y-axis 
as shown in Figure 4.2 through 4.5. In this way, a pairwise plot is obtained and the relationship between 
the two datasets may be determined. Microsoft Excel is used to plot the data points and its trend line feature 
is used to find the best fit relationship that exists between the 30-second and the 1-minute queue parameters. 
It turns out that, at a glance, the polynomial and linear functions are best suited to describe the relationship 
between these two data sets. However, by evaluating the coefficient of determination (R2) in each case, it 
was found that the polynomial function best describes the existing relationship between the 30-second and 
1-minute queue parameters as shown in Table 4.1. The identified polynomial is of second order and its 
general representation may be given as:   
 
𝑇30 𝑠  = 𝑎1𝑇1 𝑚𝑖𝑛
2 + 𝑎2𝑇1 𝑚𝑖𝑛 + 𝑎3                       𝑤ℎ𝑒𝑟𝑒 (𝑎1, 𝑎2, 𝑎3)  ∈ ℝ,                         (4.1) 
 
 where  𝑇1 𝑚𝑖𝑛, 𝑇30 𝑠 and (𝑎1, 𝑎2, 𝑎3) are 1 minute data, 30 second data and polynomial coefficients 
respectively. 
 
It is noticeable that a linear fit also results in a high correlation coefficient in most cases but it is still 
outperformed by the polynomial fit in all cases without exception. In fact the linear fit performs rather 
poorly in the case of inter-arrival time for both drizzle and shower regimes. We take interest in the linear 
function because the polynomial function has a relatively slow curvature due to the small values of the 𝑎1 
coefficients. In some cases this coefficient approaches zero and thus may be approximated as a first order 
polynomial (linear). Considering the inherent errors introduced by the discretization of the CDFs, the slight 
curvatures introduced by the second order polynomial will be considered significant. The highest R2 
obtained for each queue parameter across all rainfall regimes is shown in Table 4.1 in bold font. This 
translates into greater confidence in terms of the modeled relationship between the two datasets for the 
corresponding rain regimes. However, the validity of the relationship for other rain regimes is by no means 
poor as the minimum correlation coefficient recorded across all rain regimes and for all queue parameters 
is 0.9354. The relationship between the queue parameters is also evaluated for the overall case (regime-
independent), and again, the polynomial fit performs better than the linear fit as shown in Figure 4.5 and 
Table 4.1. The lowest correlation coefficient of 0.9974 across all queue parameters is observed  
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a) Drizzle     b) Widespread 
        
c) Shower     d) Thunderstorm 
 
Figure 4.2: Relationship between the Regime Service Times of the 1-minute and 30-second Data. 
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a) Drizzle      b) Widespread 
        
c) Shower      d) Thunderstorm 
 
Figure 4.3: Relationship between the Regime Inter-Arrival Times of the 1-minute and 30-second Data.  
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a) Drizzle     b) Widespread 
 
        
c) Shower     d) Thunderstorm 
 
Figure 4.4: Relationship between the Regime Overlap Times of the 1-minute and 30-second Data. 
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under the inter-arrival time. With such high correlation coefficients, it is reasonable to conclude that the 
conversion between the 1-minute and 30-second sampled data in Durban may be achieved by employing a 
univariate second-order polynomial function.   
        
a) Overall Service Times   b) Overall Inter-Arrival Times 
 
a) Overall Overlap Times 
 
Figure 4.5: Relationship between the Overall Queue parameters of the 1-minute and 30-second Data.  
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Table 4.2: MODELING RESULTS OF THE CONVERTED RAINFALL QUEUE PARAMETERS FROM 1-MINUTE TO 
30-SECOND SAMPLING TIME 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(µs) 
NUMBER OF 
STAGES 
(k) 
 
SERVICE TIME 
 
Drizzle 10.07 0.10 2 
Widespread 12.36 0.08 3 
Shower 14.72 0.07 2 
Thunderstorm 14.20 0.07 3 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(λa) 
NUMBER OF 
STAGES 
(k) 
 
INTER-ARRIVAL 
TIME 
Drizzle 5.08 0.20 5 
Widespread 5.55 0.18 3 
Shower 5.71 0.18 3 
Thunderstorm 9.38 0.11 2 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE 
PARAMETER 
(σo) 
NUMBER OF 
STAGES 
(k) 
 
OVERLAP TIME 
Drizzle 1.80 0.56 1 
Widespread 2.10 0.48 1 
Shower 3.72 0.27 1 
Thunderstorm 2.91 0.34 1 
 
 
4.3 Modeling Results of the Converted Queue Parameters 
In the event that the 1-minute data has successfully been converted into the 30-second data, it is necessary 
to validate the conversion technique itself. High correlation coefficients do not prove that the conversion 
methodology is appropriate but rather provide information about the closeness of a quantity to a model 
function. In a top-down manner, the idea is to work backwards and prove that the resultant relationship is 
indeed capable of reproducing the statistical behavior of the 30-second data given the 1-minute data. The 
polynomial coefficients,(𝑎1, 𝑎2, 𝑎3), in (4.1) have been determined for all the queue parameters under 
different rain regimes. By substituting these coefficients accordingly, the second-order polynomial becomes 
the data generating function for which the ‘new’ 30-second sampled data is generated. The goodness of this 
‘new’ generated data lies in its statistical characteristics in comparison with those of the measured data. 
Accordingly, a statistical error test will be performed to confirm the validity of the conversion technique. 
As previously done, the validity of the conversion will be assessed on both regime-based and overall queue 
parameters.  
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4.3.1 Service Time 
The 30-second sampling data obtained by conversion follows the Erlang-k distribution with either 2 or 3 
number of stages across all rainfall regimes as shown in figure 4.6. The shower regime is characterized by 
the longest average service time, 𝑡?̅? = 14.72 min, while the drizzle regime has the highest service 
rate,  µ𝑠 = 0.10 𝑠𝑝𝑖𝑘𝑒𝑠/𝑚𝑖𝑛, compared to all other regimes. In the original 1-minute data the average 
service times are 12.38, 13.71, 16.26 and 20.44 for drizzle, widespread, shower and thunderstorm 
respectively [Alonge and Afullo, 2014a]. In comparison, it is evident that the average service time has 
reduced in the converted data e.g. from 16.26 min to 14.72 min for the shower regime. The same is true for 
all the rainfall regimes as shown in Table 4.2. This can be attributed to the fact that there is now more clarity 
in terms of distinguishing between rainfall spikes, resolving ambiguous portions of the rain rate time series 
which was previously not possible. The befit of a higher sampling rate is evident and thus an improved 
accuracy in the modeling process is expected. 
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c) Shower      d) Thunderstorm 
 
Figure 4.6: Converted regime service time PDFs of the actual and simulated data.  
 
4.3.2 Inter-Arrival Time 
Figure 4.7 and Table 4.2 present the simulation and modeling results of the converted inter-arrival time 
data. The results show that the inter-arrival time is Erlang-k distributed, where the number of stages is in 
the range 2 ≤ k ≤ 5 for all the rainfall regimes. The longest average inter-arrival time, 𝑡?̅? = 9.38 min, is 
found under the thunderstorm regime. Drizzle is found to have the highest arrival rate, 𝜆𝑎 =
0.20 𝑠𝑝𝑖𝑘𝑒𝑠/𝑚𝑖𝑛, compared to all other rainfall regimes. Hence more rainfall spikes are expected during 
the drizzle events as compared to other regimes over a fixed period of time. In the original 1-minute data, 
the average inter-arrival times were found to be 5.08, 6.52, 6.73 and 10.85 for drizzle, widespread, shower 
and thunderstorm respectively [Alonge and Afullo, 2014a]. The lower average inter-arrival times found 
using the converted data imply higher arrival rates. Thus, over a fixed period of time more arrivals will be 
recorded as compared to that under the 1-minute sampled data. The lack of good resolution in the 1-minute 
sampling makes it difficult to tell some of the spikes apart if their arrival is separated by small amount of 
time. Such spikes are often considered as a single spike during data processing, which reduces the number 
of spikes recorded and results in increased average service time as seen under sub-section 4.3.1.  
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a) Drizzle      b) Widespread 
          
c) Shower     d) Thunderstorm 
 
Figure 4.7: Converted regime inter-arrival time PDFs of the actual and simulated data.  
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4.3.3 Overlap Time 
The converted overlap time data is Exponentially distributed as shown in Figure 4.8 and Table 4.2. The 
longest average overlap time, 𝑡?̅? = 3.72 min, is found in the shower regime. The highest overlap rate, 𝛿𝑜 =
0.56 𝑠𝑝𝑖𝑘𝑒𝑠/𝑚𝑖𝑛, is found in drizzle rainfall regime. In the original 1-minute data the average overlap 
times are 3.99, 4.29, 5.87 and 5.75 for drizzle, widespread, shower and thunderstorm respectively [Alonge 
and Afullo, 2014a]. The same trend observed for the service time parameter is evident for the overlap time 
as well. In the 1-minute data, the overlap areas are poorly resolved and their time span is often exaggerated 
which leads to longer average overlap times.  
 
4.3.4 Overall Queue Parameters 
The regime-based queue parameters have been determined and compared for both the converted 30-second 
and measured 1-minute datasets. Consistently, it is evident across all regimes that the converted data 
provides more insight into the characteristic behavior of the queue parameters. In a general sense, the overall 
queue parameters are also examined and the results are presented in Figure 4.9 and Table 4.3 where both 
the modeling and simulation results of the overall queue parameters are shown. It is observed  
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c) Shower      d) Thunderstorm 
 
Figure 4.8: Converted regime overlap time PDFs of the actual and simulated data.  
 
TABLE 4.3: MODELING RESULTS OF THE CONVERTED OVERALL QUEUE PARAMETERS FROM 1-
MINUTE TO 30-SECOND SAMPLING TIME. 
QUEUE PARAMETER AVERAGE TIME 
 
 
𝒕?̅? 
RATE 
PARAMETER 
 
µs 
NUMBER OF 
STAGES 
 
k 
Service Time 13.43 0.07 3 
  
 𝒕?̅? 
 
 λa 
 
k 
Inter-Arrival Time 6.20 0.16 3 
  
 𝒕?̅? 
 
 σo 
 
k 
Overlap Time 2.58 0.39 1 
 
that the overall service and inter-arrival times are Erlang-k distributed with 3 number of stages. Conversely, 
the overall overlap time follows an exponential distribution. The original 1-minute data overall average 
service, inter-arrival and overlap time are 15.18, 7.02 and 4.87 respectively [Alonge and Afullo, 2014b]. In 
comparison to the queue parameters shown in Table 4.3, it is evident that the overall 1-minute sampled data 
has less detail. 
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a) Overall Service Time     b) Overall Inter-Arrival Time 
 
 
b) Overall Overlap Time 
 
Figure 4.9: Converted Overall Queue Parameters PDFs of Actual and Simulated Data.  
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4.4 Error Analysis of the Proposed Distributions 
The validity of the proposed distributions in adequately modeling the queue parameters of the converted 
data is examined by performing error analysis through the RMSE and χ2 statistics. The results are presented 
in Table 4.4. Once again the 5% significant level is chosen as the rejection region, thus if the null hypothesis 
is accepted, then 95% of the data obtained from the proposed distribution may be assumed to be drawn 
from the converted dataset. The error analysis results show that the regime service and inter-arrival times 
are indeed Erlang-k distributed, with RMSE between 0.6 and 3.7% for all rainfall regimes. Therefore the 
null hypothesis is not rejected. Also by applying the χ2, the null hypothesis is not rejected.  The overlap 
time RMSE is between 2.9 and 4.6% across all rainfall regimes, hence the null hypothesis is not rejected at 
5% significant level. Therefore, the overlap time parameter is exponential distributed.  
With regards to the overall queue parameters, the RMSE is between 1.2 and 2.6% as shown in Table 4.5. 
Hence the null hypothesis is accepted at 5% significant level. Also by evaluating the χ2, the null hypothesis 
is not rejected at 5% significant level. The proposed models for the queue parameters are therefore accepted 
and will thus be used as their data generating processes (DGP) henceforth. 
 
TABLE 4.4: ERROR ANALYSIS OF THE PROPOSED DISTRIBUTIONS FOR THE CONVERTED QUEUE 
PARAMETERS  
QUEUE 
PARAMETER 
RAINFALL 
REGIME 
PROPOSED 
MODEL 
REGIME 
RMSE 
REGIME 
χ2 
DF SL 
 
SERVICE 
TIME 
DRIZZLE Erlang-k 0.006 0.417 145 174.10 
WIDESPREAD Erlang-k 0.017 0.321 174 205.78 
SHOWER Erlang-k 0.019 0.318 125 152.09 
T/STORM Erlang-k 0.021 0.256 100 124.34 
 
 
INTER-
ARRIVAL 
TIME 
DRIZZLE Erlang-k 0.037 0.901 125 152.09 
WIDESPREAD Erlang-k 0.026 0.120 156 186.15 
SHOWER Erlang-k 0.017 0.100 123 149.89 
T/STORM Erlang-k 0.022 0.282 88 110.89 
 
 
OVERLAP 
TIME 
DRIZZLE Exponential 0.046 0.212 125 152.09 
WIDESPREAD Exponential 0.044 0.136 155 185.05 
SHOWER Exponential 0.029 0.579 123 149.89 
T/STORM Exponential 0.045 0.357 88 110.89 
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TABLE 4.5: ERROR ANALYSIS OF THE PROPOSED DISTRIBUTIONS FOR THE OVERALL CONVERTED QUEUE 
PARAMETERS 
QUEUE  
PARAMETERS 
OVERALL  
RMSE 
OVERALL 
 χ2 
DF SL 
SERVICE TIME 0.014 0.402 543 605.67 
INTER-ARRIVAL TIME 0.026 0.873 491 553.13 
OVERLAP TIME 0.012 0.075 491 553.13 
 
4.5 Validation of the Conversion Method 
At this point the conversion method has been successfully developed and the converted data behaves 
differently to the original 1-minute data. Both the service and inter-arrival times are Erlang-k distributed, 
whereas the overlap time follows the exponential distribution. Also in the converted data more rainfall 
spikes are identified as opposed to when using the original data (1-minute). As seen previously in Chapter 
3, lowering the sampling time provides more detail in the rain rate time series. In order to validate the 
conversion process, it is straightforward to compare the distribution of the 30-second data generated by the 
conversion process with that of the measured 30-second data at the same location. The two datasets are 
generated by their respective distributions which were determined earlier. The PDFs are preferred as 
opposed to the modeled datasets themselves primarily because they have different lengths, which make for 
a difficult comparison. Utilizing the time range (time bounds) for each queue parameter, data is generated 
in that range by the respective PDFs for all regimes as well as the overall case. In this way, datasets of the 
same length are obtained and standard error analysis tools are used for comparison. The error analysis will 
be performed in terms of the Chi-square (χ2) and Kolmogorov-Smirnov (KS) test statistics.  
 
The Chi-square (χ2) test statistics is well explained in chapter 3 section 3.3.5; hence only the Kolmogorov-
Smirnov (KS) test will be elaborated in this section. The test statistics for the Kolmogorov-Smirnov is given 
as [3].  
 
𝐷𝑛,𝑚 = max
𝑥
⎹ 𝐹1,𝑛(𝑥) − 𝐹2,𝑚(𝑥) ⎸                                                   (4.2𝑎) 
where 𝐹1,𝑛(𝑥) and 𝐹2,𝑚(𝑥) are the cumulative distribution functions of the proposed PDFs for the actual 
and converted 30-second data. In this case, the data samples are Erlang-k distributed and from the obtained 
PDFs the cumulative distribution data is obtained as follows:  
𝐹(𝑥) = 1 −∑
1
𝑝!
𝑒−𝜆𝑥(𝜆𝑥)𝑝
𝑘−1
𝑝=0
                                                      (4.2𝑏) 
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where k and 𝜆 are the Erlang-k stages and rate respectively. 
 
The Kolmogorov-Smirnov null and alternative hypotheses are as follows, respectively [5]: 
H0: The two distributions are the same, 
Ha: The two distributions are not the same. 
 
The critical value is defined as follows: 
 
𝐷𝑛,𝑚,𝛼 = 𝑐(𝛼)√
𝑛 +𝑚
𝑛𝑚
                                                                  (4.2𝑐) 
 
TABLE 4.6: ERROR ANALYSIS BETWEEN THE QUEUE PARAMETERS PROPOSED PDFS OF THE 30-SECOND 
ACTUAL DATA AND CONVERTED DATA 
QUEUE 
PARAMETER 
RAINFALL 
REGIME 
COMPARED 
MODELS 
χ2 DF SL  𝑫𝒏,𝒎 𝑫𝒏,𝒎,𝜶 
 
SERVICE  
TIME  
DRIZZLE Erlang-k 0.0002 49 74.919 0.005 0.39 
WIDESPREAD Erlang-k 0.109 49 74.919 0.316 0.39 
SHOWER Erlang-k 0.00003 49 74.919 0.004 0.39 
T/STORM Erlang-k 0.00005 49 74.919 0.003 0.39 
 
 
INTER-
ARRIVAL 
TIME 
DRIZZLE Erlang-k 0.179 49 74.919  0.195 0.39 
WIDESPREAD Erlang-k 0.133 49 74.919 0.250 0.39 
SHOWER Erlang-k 0.185 49 74.919 0.252 0.39 
T/STORM Erlang-k 0.00001 49 74.919 0.001 0.39 
 
 
OVERLAP 
TIME 
DRIZZLE Exponential 0.228 49 74.919  0.080 0.39 
WIDESPREAD Exponential 0.128 49 74.919 0.064 0.39 
SHOWER Exponential 0.573 49 74.919 0.147 0.39 
T/STORM Exponential 1.184 49 74.919 0.170 0.39 
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where n and m are the sample sizes of the first and second sample respectively. The value of 𝑐(𝛼) can be 
found in the Kolmogorov-Smirnov Table for the most common significant levels of 𝛼 or else given as [3 
and 4]. 
𝑐(𝛼) = √−
1
2
ln (
𝛼
2
)                                                                  (4.2𝑑)  
 
The null hypothesis is rejected at the significant level, 𝛼, if 
𝐷𝑛,𝑚 > 𝐷𝑛,𝑚,𝛼                                                                         (4.2𝑒) 
 
The chosen significant level is 0.1% and both PDFs are mapped into 50 points, therefore 
𝑛 = 𝑚 = 50                                                                         (4.2𝑓) 
hence, 
𝐷𝑛,𝑚,𝛼 = 0.39                                                                       (4.2𝑔) 
 
 
4.5.1 Service Times Comparison  
Both service times of the converted and actual 30-second data are Erlang-k distributed as shown in Figure 
4.10. The Error analysis results between the converted and actual 30-second data proposed PDFs are 
presented on Table 4.6.  At 0.1% significant level, the Chi-square error test does not reject the null 
hypothesis. Hence the difference between the two PDFs is insignificant. Moreover, the Kolmogorov-
Smirnov error test does not reject the null hypothesis at 0.1% significant level as well. This means that the 
difference between the converted and actual 30-second data proposed PDFs is not significant; hence the 
two PDFs may be considered representative of the same process. Therefore, if the service times of both 
datasets are the same, then the conversion method may be considered valid for the service time parameter. 
 
4.5.2 Inter-Arrival Times Comparison  
Likewise, the inter-arrival times of the converted and measured 30-second data both follow an Erlang-k 
distribution as shown in Figure 4.11. The null hypothesis is not rejected at 0.1% significant level with the 
Chi-square error test as shown in Table 4.6; thus the two PDFs are similar. Also, the Kolmogorov-Smirnov 
error test does not reject the null hypothesis at 0.1% significant level. Therefore, the CDFs prove to have 
insignificant differences. This implies that the inter-arrival times of the converted and measured 30-second 
data are the same. In this regard, the conversion method is also valid for the inter-arrival time parameter. 
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a) Drizzle      b) Widespread 
          
c) Shower      d) Thunderstorm 
 
 
Figure 4.10: Comparison of the Service Times Proposed Models for the 30-second Actual Data and 
Converted Data. 
0
0,02
0,04
0,06
0,08
0 5 10 15 20 25 30 35 40
P
r
o
b
a
b
il
it
y
 D
e
n
si
ty
 F
u
n
ti
o
n
 (
m
in
-1
)
Service Time (min)
Actual Data Erlang (k = 2,
mew = 0.099)
Converted Data Erlang (k =
2, mew = 0.10)
0
0,02
0,04
0,06
0,08
0 3 6 9 12 15 18 21 24 27 30 33 36 39
P
r
o
b
a
b
il
it
y
 D
e
n
si
ty
 F
u
n
ti
o
n
 (
m
in
-1
)
Service Time (min)
Actual Data Erlang (k =
2, mew = 0.087)
Converted Data Erlang (k
= 3, mew = 0.08)
0
0,02
0,04
0,06
0 5 10 15 20 25 30 35 40 45 50
P
r
o
b
a
b
il
it
y
 D
e
n
si
ty
 F
u
n
ti
o
n
 (
m
in
-1
)
Service Time (min)
Actual Data Erlang (k
= 2, mew = 0.068)
Converted Data Erlang
(k = 2, mew = 0.07)
0
0,02
0,04
0,06
0 5 10 15 20 25 30 35 40 45 50
P
r
o
b
a
b
il
it
y
 D
e
n
si
ty
 F
u
n
ti
o
n
 (
m
in
-1
)
Service Time (min)
Actual Data Erlang (k =
3, mew = 0.0689)
Converted Data Erlang
(k = 3, mew = 0.07)
61 
 
 
             
a) Drizzle      b) Widespread 
 
          
c) Shower      d) Thunderstorm 
 
 
Figure 4.11: Comparison of the Inter-Arrival Times Proposed Models for the 30-second Actual Data and 
Converted Data.  
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TABLE 4.7: ERROR ANALYSIS BETWEEN THE OVERALL QUEUE PARAMETERS PROPOSED PDFS OF THE 30-
SECOND ACTUAL DATA AND CONVERTED DATA 
PARAMETERS PROPOSED 
DISTRIBUTION 
χ2 DF SL  𝑫𝒏,𝒎 𝑫𝒏,𝒎,𝜶 
SERVICE TIME Erlang-k 0.1601 49 74.919 0.356 0.39 
INTER-ARRIVAL TIME Erlang-k 0.1595 49 74.919 0.307 0.39 
OVERLAP TIME Exponantial 0.0440 49 74.919 0.040 0.39 
 
4.5.3 Overlap Times Comparison 
The overlap times of the converted and measured 30-second data are exponentially distributed as shown in 
Figure 4.12. At 0.1% significant level, the Chi-square error test does not reject the null hypothesis as shown 
in Table 4.6; hence these two PDFs represent the same process. Additionally, the Kolmogorov-Smirnov 
error test does not reject the null hypothesis at 0.1% significant level; hence the two CDFs have insignificant 
difference. Conclusively, the overlap times of the converted and measured 30-second data behave the same. 
To this effect, the conversion method is also valid for the overlap time parameter 
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c) Shower      d) Thunderstorm 
 
Figure 4.12: Comparison of the Overlap Times Proposed Models for the 30-second Actual Data and 
Converted Data.  
 
 
4.5.4 Overall Queue Parameters Comparison 
Finally, the error analysis results between the converted and measured 30-second overall queue parameters 
are presented in Table 4.7.  The overall service and inter-arrival times of the converted and measured 30-
second data are Erlang-k distributed; whereas the overall overlap times are exponentially distributed as 
shown in Figure 4.13. The Chi-square test statistics at 0.1% significant level does not reject the null 
hypothesis for all the three queue parameters. Hence the difference between the respective pairs of PDFs is 
insignificant. Moreover, the Kolmogorov-Smirnov error test does not reject the null hypothesis at 0.1% 
significant level for all the three queue parameters; hence the two CDFs for each queue parameter have 
insignificant differences. In this regard, it is concluded that the converted and measured 30-second overall 
queue parameters resemble each other. Hence the conversion method is still valid for the overall queue 
parameters. 
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a) Overall Service Time    b) Overall Inter-Arrival Time 
 
 
a) Overall Overlap Time 
 
Figure 4.13: Comparison of the Overall Queue Parameters Proposed Models for the 30-second Actual 
Data and Converted Data 
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4.6 Long Term Modeling Results Analysis 
Due to advances in technology, it is apparent that the quality of measurement instrumentation improves 
over time and rain sensing equipment is no different. Sampling time is one of the features which designers 
of such instruments strives to reduce as much as necessary. However, the long-term statistics of rainfall is 
very important such that even in the advent of new and high-sampling rate instrumentation, historical data 
remains valuable in the quest for long-term modeling. It is therefore necessary to continue to utilize 
historical data as part of a bulk measurement campaign spanning several years. With the understanding that 
the sampling rate may not have been adequate in previous campaigns, this work has taken the initiative to 
convert such data into a finely sampled one making it possible to integrate with current on-going 
measurement data. The combined bulk data is then used for rainfall long-term statistical analysis by 
applying queueing theory once again. In this case sixty six (66) months’ worth of data will be used for long-
term modeling of rainfall in Durban, South Africa. 
 
Table 4.8: LONG-TERM RAINFALL QUEUE PARAMETERS MODELING RESULTS AT 30-SECOND SAMPLING 
TIME 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE  
 
(µs) 
NUMBER OF 
STAGES 
k 
 
 
SERVICE TIME 
 
Drizzle 10.098 0.099 2 
Widespread 11.707 0.085 3 
Shower 14.636 0.068 2 
Thunderstorm 14.285 0.070 3 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE  
 
(λa) 
NUMBER OF 
STAGES 
k 
 
 
INTER-ARRIVAL 
TIME 
Drizzle 4.882 0.205 4 
Widespread 4.123 0.243 3 
Shower 5.737 0.174 2 
Thunderstorm 9.210 0.109 2 
 
QUEUE 
PARAMETER 
REGIME AVERAGE 
TIME 
(𝒕?̅?) 
RATE  
 
(σo) 
NUMBER OF 
STAGES 
k 
 
 
OVERLAP TIME 
Drizzle 1.506 0.664 1 
Widespread 1.974 0.507 1 
Shower 2.720 0.368 1 
Thunderstorm 2.243 0.446 1 
 
66 
 
4.6.1 Long-Term Service Time 
By utilizing the obtained long-term data, the service time is found to be Erlang-k distributed with either 2 
or 3 number of stages for all rainfall regimes as shown in Table 4.8 and Figure 4.14. The highest average 
service time, 𝑡𝑠̅̅ ̅ = 14.636 , is found under the shower regime. The drizzle regime has the highest service 
rate, µ = 0.099, as compared to all other regimes. It is notable that the long-term service time resembles the 
characteristics of the short-term service time (actual 30-second data) for all rainfall regimes. According to 
the results presented in Table 3.2, the highest average service time is found under the shower regime for 
both the long-term and short-term data and has a value of approximately 15 minutes. Again, the highest 
service rate, µ = 0.099, for both datasets is found under the drizzle regime. It is observed that the statistical 
behavior of the long-term and short-term rainfall time series resemble each other.  
 
4.6.2 Long-Term Inter-Arrival Time 
Similarly, the long-term inter-arrival time is Erlang-k distributed with the number of stages ranging from 2 
to 4 for all rainfall regimes as shown in Table 4.8 and Figure 4.15. The thunderstorm regime has notably 
the highest average inter-arrival time, 𝑡𝑎̅̅̅̅ = 9.210 , as compared to all other regimes. On the other hand, 
widespread regime is observed to have the highest arrival rate, µ = 0.243, in comparison to all other  
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c) Shower      d) Thunderstorm 
 
Figure 4.14: Long-Term Modeling Plots of the Service Time Parameter at 30-second Sampling Time in 
Durban. 
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c) Shower       d) Thunderstorm 
 
Figure 4.15: Long-Term Modeling Plots of the Inter-Arrival Time Parameter at 30-second Sampling 
Time in Durban. 
 
regimes. The regime-based long-term inter-arrival times possess the characteristics of their short-term 
counterparts. In both cases the highest average inter-arrival times are found under the thunderstorm regime 
and are approximately 10 minutes. The difference in their statistical characteristics is not enough to suggest 
that the two datasets may be generated from two different from processes. 
 
4.6.3 Long-Term Overlap Time 
The long-term overlap time is exponentially distributed for all the rainfall regimes as shown in Table 4.8 
and Figure 4.16. The shower regime is found to have the highest average overlap time, 𝑡𝑜̅̅ ̅ = 2.720 , 
compared to all other regimes. The drizzle regime on the other hand exhibits the highest overlap rate, σ = 
0.664, compared to all other regimes. Similar conclusions can be drawn with respect to the statistical 
behavior of the long-term overlap time as seen before with other queue parameters. It is evident that the 
long-term and short-term statistical characteristics of the overlap time are similar. In addition to both the 
processes being exponentially distributed, their highest average overlap times are recorded under the 
shower regime and the lowest overlap rates are found on the same regime.  
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a) Drizzle      b) Widespread 
           
c) Shower       d) Thunderstorm 
 
Figure 4.16: Long-Term Modeling Plots of the Overlap Time Parameter at 30-second Sampling Time in 
Durban. 
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TABLE 4.9: LONG-TERM RAINFALL OVERALL QUEUE PARAMETERS MODELING RESULTS AT 30-SECOND 
SAMPLING TIME 
QUEUE PARAMETER AVERAGE TIME 
 
𝒕?̅? 
RATE 
PARAMETER 
µ 
NUMBER OF STAGES 
 
k 
Service Time 12.466  0.080  2 
 𝒕?̅? λ k 
Inter-Arrival Time 5.929 0.169 3 
 𝒕?̅? σ k 
Overlap Time 1.919 0.521 1 
 
 
4.6.4 Long-Term Overall Parameters  
With regards to the long-term overall queue parameters, the service and inter-arrival times are found to be 
Erlang-k distributed with 2 and 3 number of stages respectively. Conversely the overall overlap time 
follows exponential distribution as shown in Table 4.9 and Figure 4.17. The average service, inter-arrival 
and overlap times are 𝑡?̅? = 12.466,  𝑡?̅? = 5.929  and 𝑡?̅? = 1.919, respectively. Hence their queue 
parameters rates are µ = 0.080, λ = 0.169 and σ = 0.521, respectively. Therefore comparing with the short-
term results displayed in the Table 3.3, the results prove to be statistically similar.  
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c) Overall Overlap Time 
Figure 4.17: Long-Term Modeling Plots of the Overall Parameters at 30-second Sampling Time in 
Durban. 
 
4.6.5 Error Analysis of the Long-Term Proposed Distribution 
The RMSE for the long-term service time is between 0.86% and 1.4% for all rainfall regimes as presented 
in Table 4.10. In this regard, at 5% significant level the null hypothesis is not rejected. Also under the χ2 
test statistic, the null hypothesis is not rejected. Therefore, the long-term service time is best described by 
an Erlang-k distribution. The long-term inter-arrival time has an RMSE that ranges between 1.10% and 
2.30% for all rainfall regimes. Hence the null hypothesis is not rejected. Again by the χ2 test, the null 
hypothesis is not rejected. Therefore, the long-term inter-arrival time is fully described by the Erlang-k 
distribution. The long-term overlap time RMSE is between 2.60% and 4.96% for all rainfall regimes. 
Therefore with both RMS and χ2 error tests, the null hypothesis is not rejected. Thus, the long-term overlap 
time is exponentially distributed. 
 
Lastly, the RMSE for the long-term overall queue parameters lies between 0.7% and 3.3% for all queue 
parameter as displayed in Table 4.11. When using the RMS and χ2 error tests, the null hypothesis is not 
rejected. This confirms that the proposed distributions for modeling the overall queue parameters are 
satisfactory.  
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TABLE 4.10: ERROR ANALYSIS OF THE LONG-TERM QUEUE PARAMETERS PROPOSED DISTRIBUTIONS  
QUEUE 
PARAMETER 
RAINFALL 
REGIME 
PROPOSED 
MODEL 
REGIME 
RMSE 
REGIME 
χ2 
 DF  SL 
 
SERVICE  
TIME 
DRIZZLE Erlang-k 0.0091 0.127 810 918.937 
WIDESPREAD Erlang-k 0.0086 0.123 777 866.911 
SHOWER Erlang-k 0.0100 0.363 727 814.822 
T/STORM Erlang-k 0.0140 0.206 283 341.395 
 
 
INTER-
ARRIVAL 
TIME 
 
DRIZZLE Erlang-k 0.0230 0.093 534 605.667 
WIDESPREAD Erlang-k 0.0190 0.133 563 658.094 
SHOWER Erlang-k 0.0160 0.073 530 605.667 
T/STORM Erlang-k 0.0110 0.378 230 265.301 
 
 
OVERLAP 
TIME 
DRIZZLE Exponential 0.0496 0.103 641 710.421 
WIDESPREAD Exponential 0.0260 0.057 655 762.661 
SHOWER Exponential 0.0380 0.164 627 710.421 
T/STORM Exponential 0.0350 0.092 240 277.138 
 
 
TABLE 4.11: ERROR ANALYSIS OF THE LONG-TERM OVERALL QUEUE PARAMETERS PROPOSED 
DISTRIBUTIONS 
PARAMETERS PROPOSED 
MODEL 
OVERALL  
RMSE 
OVERALL 
 χ2 
DF SL 
SERVICE TIME Erlang-k 0.007 0.202 2611 1074.679 
INTER-ARRIVAL TIME Erlang-k 0.010 0.060 2172 1074.679 
OVERLAP TIME Exponantial 0.033 0.088 1860 1074.679 
 
4.7 Chapter Summary  
The typical relationship between the 30-second and 1-minute rainfall data in Durban is best described by a 
second order polynomial function. This has been confirmed by plotting the CDFs for the two datasets 
against each other and successfully fitting their relationship to a second order polynomial with a high 
correlation coefficient. This has been done for all the queue parameters under both the regime-based 
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approach and the overall case. The conversion method has been validated by comparing the converted 30-
second data queue distribution models with those of the measured 30-second sampled data. The error 
analysis by means of RMSE between these two models confirmed that more than 95% of the converted 
data belongs to the same process that generated the actual 30-second data. The resultant queue discipline 
(Ek/Ek/s/∞/FCFS) for the long-term model is similar to that of the short-term modeled data at 30-second 
sampling. In this regard, the rainfall process exhibits traits of a self-similar process in the period of 66 
months. In this view, it might be possible to adequately characterize rainfall behavior in Durban from 
rainfall data acquired over a fraction of this measurement period. 
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CHAPTER FIVE 
Effect of the Sampling Time on Rainfall Attenuation along Radio Links  
5.1 Introduction 
The ever increasing demand for higher bandwidth has led to an increased interest in deploying 
communication services at frequencies beyond 10 GHz. However, operating terrestrial and satellite links at 
such frequencies brings about propagation related challenges. The biggest challenge at microwave and 
millimeter wave bands is precipitation in the form of rainfall. At these frequencies the raindrop diameter is 
comparable to the wavelength of the operating frequency hence the effects of scattering and absorption 
become dominant. Rainfall contributes majorly to the overall attenuation of the propagating signal in free 
space. For a network designer setting up a radio link, rain attenuation information is essential for link budget 
calculations in order to determine the appropriate fade margins. Therefore, given the statistical modeling 
and analysis that has been done in previous chapters it is necessary to examine rain attenuation at a location. 
At this point in this study, the effect of the sampling time has been investigated on the modeling of rainfall 
behavior. Therefore, this chapter aims to examine the effect of the sampling time on rain attenuation over 
radio links in Durban.  
 
5.2 Rain Rate Cumulative Distributions 
Sampling time and rain rate cumulative distributions are some of the significant information for rain 
attenuation modeling. The availability of such information makes it possible for system engineers to predict 
the percentage of time which the attenuation due to rain is significant within an average year, the future 
link performance and the availability of communication services [Moupfouma and Martins, 1995]. The 
outage of a terrestrial radio link may depend on the instantaneous rain rate, but rain rate varies throughout 
a rain event as well as yearly. In this regard, the rain rate cumulative distribution (CD) is required for rain 
attenuation prediction. Figure 5.1 provides a graphical representation of rain rate exceeded for different 
percentage of time in Durban at 30-second and 1-minute sampling time. The 1-minute data is extracted 
from the previous study of [Alonge and Afullo, 2015]. Generally R0.01 is considered as most useful for rain 
attenuation predictions over satellite and terrestrial communication links. This parameter, R0.01, is the rain 
rate which is exceeded 0.01% of the time in an average year at a given location. From the rain rate 
investigation results, it is evident from Figure 5.1 that at 30-second sampling time the probability of 
exceedance is consistently higher than that at 1-minute sampling for the same rain rate.  
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Figure 5.1: Rainfall rate cumulative distribution for the 30-second and 1-minute sampling times.   
 
5.3 Prediction and Comparison of Specific Attenuation  
5.3.1 Determination of Conversion Factors  
For long-term attenuation predictions, ITU-R 530-16 recommends R0.01 to be determined at 1-minute 
sampling time. Therefore, the rain rate exceedance at 30-second are not applicable for attenuation 
predictions unless they are converted into 1-minute. Akuan and Afullo 2011a, proposed a mathematical 
method to convert rain rate of any sampling time into 1-minute sampling time. This is executed by 
converting and substituting values in the power-law function. Therefore, by adopting the same conversion 
method and ITU-R P838-3 specific attenuation calculation guide for this current work, the specific 
attenuation at 30-second and 1-minute sampling is respectively determined as follows: 
𝛾𝑅,30𝑠 = 𝑧[𝜇𝑅30𝑠
𝛽]
𝛼
            [𝑑𝐵/𝑘𝑚]                                                  (5.1𝑎)  
and 
    𝛾𝑅 = 𝑧[𝑅1𝑚𝑖𝑛]
𝛼               [𝑑𝐵/𝑘𝑚]                                                 (5.1𝑏)   
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Figure 5.2: Conversion of the 30-second rain rate into 1-minute rain rate.   
 
Where: 
𝑅30𝑠 = rain rate at 30-second sampling in mm/h. 
𝑅1𝑚𝑖𝑛 = rain rate at 1-minute sampling in mm/h. 
x and y = power-law coefficient for conversion of 30-second rain rate into 1-minute. 
𝑧 and 𝛼 = frequency and polarization dependence coefficient, found in [ITU-R P838-3]. 
 
Figure 5.2 presents the power-law parameters which are required to convert the 30-second rain rates into 
1-minute rain rate in Durban. It is found that the ideal power-law coefficients for (5.2a) in Durban are x = 
3.2461 and y = 0.6703. 
 
5.3.2 Comparison of the Specific Attenuation at Different Sampling Times 
Figure 5.3 presents the comparison of 30-second and 1-minute predicted specific rain attenuation at 
different frequencies. The rain drop shape is considered to be spherical; hence the frequency polarization 
difference is insignificant. On figure 5.3 it is observed that the two predicted trends of attenuation almost 
resemble each other at frequencies less than 10 GHz. However, after 10 GHz the difference between the 
two attenuation trends gradually increases; where the attenuation estimated at 30-second continuously get 
higher than attenuation estimated at 1-minute sampling as the frequency increases beyond 10 GHz.  
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Figure 5.3: Predicted specific attenuation at 30-second and 1-minute sampling on different frequencies 
for horizontal frequency polarization.   
 
5.4 Prediction of Path Attenuation Using Existing Models 
This section presents the estimation of rain path attenuation over terrestrial links using existing models 
based on R0.01. This gives the attenuation exceeded 0.01% of the time (A0.01 in dB) for different radio path 
lengths up to 22 km. This is executed at two specific frequencies namely 10 GHz and 40 GHz in Durban. 
Therefore, Figure 5.4 a) presents attenuation predictions at 30-second sampling time. From the results, it is 
found that at 10 GHz the Crane Global, Moupfouma and ITU-R models are very close to each other; but 
beyond a path length of 4 km the Moupfouma model tends to predict higher attenuation compared to the 
other two models. Conversely at 40 GHz the Crane Global model predicts higher attenuation compared to 
the ITU-R model, while the Moupfouma varies between Crane Global and ITU-R model after 2 GHz. The 
general behavior of the attenuation from the models at both 1- minute and 30-second sampling is similar 
except that the attenuation is consistently higher under 30-second sampling for corresponding models, 
especially after path length of 5 km as seen in Figure 5.4 b).      
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a) 30-second Data 
 
 
b) 1-minute Data 
 
Figure 5.4: Predicted path attenuation using existing models at 30-second and 1-minute sampling on 
different path length in Durban. 
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5.5 Investigation of Annual Attenuation Exceeded Along the Path Length of 10 km at 10 
GHz and 40 GHz. 
Rainfall occurrences are randomly distributed throughout the whole year and rain rates vary during rain 
events. Thus, the required rain fade margin to overcome the rain effects over radio links changes from one 
rain event to another throughout the year. Therefore, the cumulative distribution (CD) of rainfall attenuation 
is required to determine the amount of rain attenuation expected to be suffered by a propagating radio signal 
for different percentages of time over a given year. Table 5.1 and Figure 5.5 present the predicted rain 
attenuation exceeded for the percentage of time in the range 0.001% to 1% using [ITU-R P.530-16, 2015] 
along a 10 km path length. These results agree with the general norm that at higher frequencies attenuation 
is higher than at lower frequencies. It is observed that at both sampling times the attenuation is higher at 40 
GHz than at 10 GHz. Also, results show that at both frequencies the predicted attenuation is higher at 30-
second sampling than at 1-minute sampling for all the percentage of time.  
 
 
 
a) Attenuation at 10 GHz 
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b) Attenuation at 40 GHz 
 
Figure 5.5: Rain attenuation cumulative distribution for the 30-second and 1-minute sampling time data. 
 
TABLE 5.1: RAIN ATTENUATION EXCEEDENCE AT DIFFERENT PERCENTAGE OF TIME FOR THE   30-
SECOND AND 1-MINUTE DATA.  
FREQUENCY PERCENTAGE 
(%) 
ATTENUATION (dB) AT  
30-SECOND  
ATTENUATION (dB) AT 
 1-MINUTE  
 
10 GHz 
0.001 27.27 24.42 
0.01 19.17 16.74 
0.1 5.09 4.56 
1 1.502 1.345 
 
 
40 GHz 
0.001 174.27 161.35 
0.01 122.47 113.40 
0.1 31.64 30.11 
1 9.60 8.89 
 
5.6 Significance of Lower Sampling Time on Rainfall Data. 
Considering the high data rates that are demanded in digital broadcasting technology, many researchers 
have investigated the direct level of influence of rainfall attenuation towards video quality during satellite 
video transmission [Ma et al, 2012]. Similarly, Lee and Winkler (2011) analyzed the correlation between 
video quality of service, video quality of experience, and rainfall rate on Ka-band satellite links. They used 
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the V-Factor metric for video quality, where the algorithm is mainly designed for MPEG-2 and H.264 video 
streaming over IP networks. From their analyses, it was found that the increase in rain rate results in severe 
packet loss on the link, hence the video quality gets badly affected. Thus, rain rate is inversely proportional 
to the video quality. 
 
 In such cases where rain attenuation is one of the main causes of packet loss, one of the methods to mitigate 
rain attenuation is by increasing the fade margin such that it exceeds the highest attenuation level possible 
[Manabe et al, 1995]. Therefore, for accurate fade margin calculations it is required that rain attenuation 
statistics information be accurate. Due to generally known fact that at wider sampling the averaging is big, 
as a result some important information gets omitted. It is very crucial that lower sampling time data get first 
preference in order to achieve accurate predictions. This observation is evident in Figure 5.3 through Figure 
5.5, the rain attenuation predicted under 30-second sampling consistently indicates that higher attenuation 
levels are to be expected in contrast to that at 1-minute sampling. At 1-minute sampling it is observable that 
some spikes are not accurately resolved due to the mentioned reason of averaging; therefore it is ideal to 
use 30-second sampling for improved prediction of rain attenuation. The rain attenuation prediction method 
recommended by the ITU-R is one of the popular models used worldwide. Nevertheless, when applied to 
the tropical regions, it has been shown to be inadequate as reported in [Manabe et al, 1987; Yeo et al, 1990; 
Zhou et al, 1999 and Obiyemi et al, 2014]. Given that ITU-R recommends 1-minute sampling time, it is 
highly possible that the sampling time may be the cause of the inaccuracy. Therefore based on the results 
of this study, it is evident that the 1-minute sampling recommended by the ITU-R results in the attenuation 
experienced by a link under rainy conditions being underestimated. To address this issue, owing to the 
current complexity and data rates produced by modern communication systems, it is vital that the ITU-R 
revise their model by considering lower sampling times in order to develop a realistic model. 
 
5.7 Chapter Summary 
This chapter focused on the investigation of rain attenuation at the chosen frequencies, distances and 
sampling times. Based on the results, specific rain attenuation is found to be increasing as the frequency 
increases in the frequency range 1 GHz to 200 GHz. Moreover, by using the existing models it is found that 
as the distance increases so does the attenuation. As expected, the attenuation predicted at 1-minute sapling 
is found to be lower than that estimated at 30-second sampling. This means that at 1-minute sampling the 
expected attenuation is underestimated.  
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CHAPTER SIX 
Conclusion and Future Work 
6.1 Conclusions 
Rainfall process is one of the most complex and unpredictable processes which are naturally occurring. 
However, the understanding of this process is very crucial in telecommunications since most of the time 
the presence of rainfall over radio links causes signal loss. Hence by understanding rain process the loss 
can be minimized. Owing to this, different techniques have been proposed by many researchers for the 
purpose of understanding the behavior of the rainfall process. Recently, the Queueing Theory Technique 
(QTT) has been developed in order to understand the rain process and the time-variation of rain attenuation 
[Alonge, 2014]. The results produced by QTT demonstrated that at subtropical and equatorial Africa rain 
rate queues follow a semi-Markovian queue discipline [Alonge et al, 2014b]. In this study, the objective 
was to investigate the effect of sampling time on rainfall queues and attenuation; hence the following 
conclusions are made based on the obtained results.     
Chapter 3 presented the investigation of rainfall spikes at 30-second sampling and the comparison of rainfall 
spikes at 1-minute and 30-second sampling in Durban. From the 30-second rainfall spikes investigation, it 
is found that rainfall queues follow a non-Markovain queue discipline (Ek/Ek/s/∞/FCFS). The service and 
inter-arrival times are found to be best described by an Erlang-k distribution; conversely the overlap time 
is exponentially distributed. The rainfall spikes inter-arrival times during thunderstorm events are found to 
be the longest compered to all other rainfall regimes. Drizzle events are characterized by many rain spikes 
arrival compared to all other rainfall regimes. However, drizzle events are also characterized by the lowest 
spikes average inter-arrival time, service time, overlap time and rain rates compared to all other regimes. 
Give all these facts, drizzle events are least expected to cause network outage. Conversely, shower rain 
spikes are observed to have the longest average service time, overlap time and belong to the second highest 
rain rate range (10 < R ≤ 40 mm/h). Therefore, network outages are highly possible during shower events 
at 30-second sampling. During the comparison of the 30-second and 1-minute sampling time rain data, it is 
found that the average inter-arrival, service and overlap time at 1-minute is larger than at 30-second 
sampling. This is due to the fact that at wider interval the averaging is large. Hence this may serve as a 
disadvantage to someone with 1-minute data expecting accurate results, since at large averaging some 
information is omitted. Further on, from both results is identified that the average service time of rainfall 
spikes in Durban is between 10 < t < 21 minutes irrespective of the two sampling times. Lastly, all the 
queue parameters at 30-second sampling have higher rates than those at 1 minute sampling. Hence more 
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rainfall spikes are identified at 30-second data compared to the 1-minute data. Conclusively, at lower 
sampling time more rainfall spikes statistical information is revealed.  
Chapter 4 presented the long-term modeling of rainfall spikes at 30-second sampling time. It is found that 
there typical relationship between the 30-second and 1-minute rainfall data which is best described by a 
polynomial function. This is proven by the higher coefficient of determination, R2, obtained under the 
polynomial function for all the queue parameters under all rainfall regimes. In this regards, the polynomial 
function is used to convert the 1-minute data into 30-second sampling time data. The conversion method is 
validated by comparing the converted data queue models with the actual 30-second sampling data queue 
models. The error test between these two models strongly confirmed that the converted data is similar to 
the actual 30-second data; hence the conversion method is valid. The resultant queue discipline 
(Ek/Ek/s/∞/FCFS) on the long-term modeling is similar to the short-term data queue discipline at 30-second 
sampling in Durban. Therefore, the rainfall process shows some attributes of a self-similar process in the 
period of 66 months. Hence if 12 months 30-second rain data is available there might be no need for other 
long-term measurements, since the modeling results will be the same. However, there are many parameters 
which are assessed for a particular process to be considered a self-similar process. Hence an extensive study 
needs to be taken in order to conclude if rainfall is a self-similar process. Therefore, we propose that study 
in the future work.      
Chapter 5 presented the investigation of the effect of the sampling time on rain attenuation statistical 
information. From specific attenuation results, it is found that at frequencies less than 10 GHz the predicted 
attenuation at both 30-second and 1-minute sampling is almost the same. Conversely, after 10 GHz the 
difference between the attenuation predicted at both sampling times gradually increase; where at 30-second 
higher attenuation is predicted than at 1-minute. Attenuation exceeded at 0.01% of the time (A0.01) is 
considered as a parameter of interest for radio system designers. Therefore, in this study this parameter of 
interest (A0.01) is examined using the three existing attention models namely Crane Global, Moupfouma and 
ITU-R model. It is found that each model predict higher attenuation at 30-second compared at 1-minute. 
Further on, examining rain attenuation exceeded for the percentage of time in the range 0.001% to 1% by 
using [ITU-R P.530-16, 2015]; it is also found that the predicted rain attenuation at 30-second is higher 
compared at 1-minute sampling. From all the presented rain attenuation results, it is seen that at all aspects 
predicted rain attenuation at 30-second sampling is higher than at 1-minute sampling. This is due to the fact 
that at 1-minute sampling the averaging is larger compared at 30-second sampling; hence some rainfall 
spikes are not considered as independent spikes, instead are identified as portions of some larger rainfall 
spikes. That is disadvantageous for the 1-minute sampling time because failure to recognize some spikes 
as independent rainfall spikes, results failure to recognize their total contribution toward link rain 
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attenuation. Hence at 1-minute sampling the predicted rain attenuation is lower compared at 30-second 
sampling, since some rain attenuation information get omitted at wider sampling. Therefore, given that one 
of the strong suggested methods to compensate rain attenuation is to increase fade margin such that it 
exceeds the highest attenuation level [Manabe et al, 1995], therefore it adequate to use 30-second sampling 
data for accurate calculations of fade margin. Conclusively, given that ITU-R recommends 1-minute 
sampling time; we strongly recommend that ITU-R revise their prediction methods using 30-second 
sampling time data. 
 
6.2 Future Work 
 Investigation of a Self-Similar process Attributes on Rainfall Process over Radio Links using 
Queueing Theory Technique. 
 Elliptical Analysis of Rain Cell Characteristics from Queueing Theory for Wireless Radio Link 
Designs. 
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Appendix A 
TABLE A-1: FREQUENCY-DEPENDENT COEFFICIENTS FOR ESTIMATION OF SPECIFIC 
RAIN ATTENUATION [ITU-R P.838-3, 2005] 
Frequency 
(GHz) 
kH H kV V 
1 0.0000259 0.9691 0.0000308 0.8592 
1.5 0.0000443 1.0185 0.0000574 0.8957 
2 0.0000847 1.0664 0.0000998 0.9490 
2.5 0.0001321 1.1209 0.0001464 1.0085 
3 0.0001390 1.2322 0.0001942 1.0688 
3.5 0.0001155 1.4189 0.0002346 1.1387 
4 0.0001071 1.6009 0.0002461 1.2476 
4.5 0.0001340 1.6948 0.0002347 1.3987 
5 0.0002162 1.6969 0.0002428 1.5317 
5.5 0.0003909 1.6499 0.0003115 1.5882 
6 0.0007056 1.5900 0.0004878 1.5728 
7 0.001915 1.4810 0.001425 1.4745 
8 0.004115 1.3905 0.003450 1.3797 
9 0.007535 1.3155 0.006691 1.2895 
10 0.01217 1.2571 0.01129 1.2156 
11 0.01772 1.2140 0.01731 1.1617 
12 0.02386 1.1825 0.02455 1.1216 
13 0.03041 1.1586 0.03266 1.0901 
14 0.03738 1.1396 0.04126 1.0646 
15 0.04481 1.1233 0.05008 1.0440 
16 0.05282 1.1086 0.05899 1.0273 
17 0.06146 1.0949 0.06797 1.0137 
18 0.07078 1.0818 0.07708 1.0025 
19 0.08084 1.0691 0.08642 0.9930 
20 0.09164 1.0568 0.09611 0.9847 
21 0.1032 1.0447 0.1063 0.9771 
22 0.1155 1.0329 0.1170 0.9700 
23 0.1286 1.0214 0.1284 0.9630 
24 0.1425 1.0101 0.1404 0.9561 
25 0.1571 0.9991 0.1533 0.9491 
26 0.1724 0.9884 0.1669 0.9421 
27 0.1884 0.9780 0.1813 0.9349 
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Frequency 
(GHz) 
kH H kV V 
28 0.2051 0.9679 0.1964 0.9277 
29 0.2224 0.9580 0.2124 0.9203 
30 0.2403 0.9485 0.2291 0.9129 
31 0.2588 0.9392 0.2465 0.9055 
32 0.2778 0.9302 0.2646 0.8981 
33 0.2972 0.9214 0.2833 0.8907 
34 0.3171 0.9129 0.3026 0.8834 
35 0.3374 0.9047 0.3224 0.8761 
36 0.3580 0.8967 0.3427 0.8690 
37 0.3789 0.8890 0.3633 0.8621 
38 0.4001 0.8816 0.3844 0.8552 
39 0.4215 0.8743 0.4058 0.8486 
40 0.4431 0.8673 0.4274 0.8421 
41 0.4647 0.8605 0.4492 0.8357 
42 0.4865 0.8539 0.4712 0.8296 
43 0.5084 0.8476 0.4932 0.8236 
44 0.5302 0.8414 0.5153 0.8179 
45 0.5521 0.8355 0.5375 0.8123 
46 0.5738 0.8297 0.5596 0.8069 
47 0.5956 0.8241 0.5817 0.8017 
48 0.6172 0.8187 0.6037 0.7967 
49 0.6386 0.8134 0.6255 0.7918 
50 0.6600 0.8084 0.6472 0.7871 
51 0.6811 0.8034 0.6687 0.7826 
52 0.7020 0.7987 0.6901 0.7783 
53 0.7228 0.7941 0.7112 0.7741 
54 0.7433 0.7896 0.7321 0.7700 
55 0.7635 0.7853 0.7527 0.7661 
56 0.7835 0.7811 0.7730 0.7623 
57 0.8032 0.7771 0.7931 0.7587 
58 0.8226 0.7731 0.8129 0.7552 
59 0.8418 0.7693 0.8324 0.7518 
60 0.8606 0.7656 0.8515 0.7486 
61 0.8791 0.7621 0.8704 0.7454 
62 0.8974 0.7586 0.8889 0.7424 
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Frequency 
(GHz) 
kH H kV V 
63 0.9153 0.7552 0.9071 0.7395 
64 0.9328 0.7520 0.9250 0.7366 
65 0.9501 0.7488 0.9425 0.7339 
66 0.9670 0.7458 0.9598 0.7313 
67 0.9836 0.7428 0.9767 0.7287 
68 0.9999 0.7400 0.9932 0.7262 
69 1.0159 0.7372 1.0094 0.7238 
70 1.0315 0.7345 1.0253 0.7215 
71 1.0468 0.7318 1.0409 0.7193 
72 1.0618 0.7293 1.0561 0.7171 
73 1.0764 0.7268 1.0711 0.7150 
74 1.0908 0.7244 1.0857 0.7130 
75 1.1048 0.7221 1.1000 0.7110 
76 1.1185 0.7199 1.1139 0.7091 
77 1.1320 0.7177 1.1276 0.7073 
78 1.1451 0.7156 1.1410 0.7055 
79 1.1579 0.7135 1.1541 0.7038 
80 1.1704 0.7115 1.1668 0.7021 
81 1.1827 0.7096 1.1793 0.7004 
82 1.1946 0.7077 1.1915 0.6988 
83 1.2063 0.7058 1.2034 0.6973 
84 1.2177 0.7040 1.2151 0.6958 
85 1.2289 0.7023 1.2265 0.6943 
86 1.2398 0.7006 1.2376 0.6929 
87 1.2504 0.6990 1.2484 0.6915 
88 1.2607 0.6974 1.2590 0.6902 
89 1.2708 0.6959 1.2694 0.6889 
90 1.2807 0.6944 1.2795 0.6876 
91 1.2903 0.6929 1.2893 0.6864 
92 1.2997 0.6915 1.2989 0.6852 
93 1.3089 0.6901 1.3083 0.6840 
94 1.3179 0.6888 1.3175 0.6828 
95 1.3266 0.6875 1.3265 0.6817 
96 1.3351 0.6862 1.3352 0.6806 
97 1.3434 0.6850 1.3437 0.6796 
95 
 
Frequency 
(GHz) 
kH H kV V 
98 1.3515 0.6838 1.3520 0.6785 
99 1.3594 0.6826 1.3601 0.6775 
100 1.3671 0.6815 1.3680 0.6765 
120 1.4866 0.6640 1.4911 0.6609 
150 1.5823 0.6494 1.5896 0.6466 
200 1.6378 0.6382 1.6443 0.6343 
300 1.6286 0.6296 1.6286 0.6262 
400 1.5860 0.6262 1.5820 0.6256 
500 1.5418 0.6253 1.5366 0.6272 
600 1.5013 0.6262 1.4967 0.6293 
700 1.4654 0.6284 1.4622 0.6315 
800 1.4335 0.6315 1.4321 0.6334 
900 1.4050 0.6353 1.4056 0.6351 
1 000 1.3795 0.6396 1.3822 0.6365 
 
 
 
 
 
 
 
 
 
 
 
 
 
